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Abstract 
Determination of the Size of Dielectric Particles using White Light Spectroscopy 
Kaloyan A. Popov 
Timothy P. Kurzweg, PhD 
 
 
White light spectroscopy has the potential to be used as an effective optical method for 
determination of unknown sizes of scattering particles in the range of 2 to 15μm in diameter. The potential 
applications of this technique are for determination of cell-nuclei size of biological samples and air-born 
pollutants (pollutants’ diameters of 2.5 and 10μm according to EPA standards). The proposed method uses 
backscattered light data that can be related to the size of the scatterer. The spatial backscattering spectra, in 
terms of scattered intensity versus wavelength, exhibit specific oscillation patterns, relating the number of 
oscillations to the morphology of the scatterer. Those oscillations are due to interference effects between 
light that is refracted and reflected through the particle surfaces. The number of peaks is linearly 
proportional to the scatterer size and by counting those peaks, one can simply estimate the scatterer’s size. 
However this method is applicable only for individual scatterer sizes and has certain limitations. When 
looking at the spatial spectra of scatterers with diameters greater than 10μm, oscillations are becoming 
more complex and hard to count. Also when a mixture of different sized particles is investigated, the 
resulting spatial spectrum is not clear. By examining the white light spectrometer data in the Fourier 
domain, the frequency content of spatial spectrum can be explored. In addition by filtering the spatial 
spectra, individual frequency components can be selected, helping for precise estimation of the size of 
homogeneous scatterers and also for identification of the individual components of the mixed sample. 
The work in this dissertation includes detailed theoretical and experimental comparisons using Mie 
scattering theory, in both the spatial and frequency domains. Experiments are performed on samples, made 
with polystyrene microspheres. Experimental and theoretical studies will be performed with respect to 
homogeneous and heterogeneous samples. The proposed work also includes validation of experimental 
studies in spatial and frequency domains. The primary goal of this work is to develop a procedure for 
determining the size of particles comprising an unknown sample.      
 xv
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CHAPTER 1: INTRODUCTION 
 
 
Determination of precancerous conditions can have a great benefit, as for many cancers, early 
treatment can greatly increase the chance of survival.  Many cancers in advanced stages do not have a good 
treatment method, and can sometimes result in death. If there is suspicion of a lesion, endoscopy with 
biopsy is often necessary.  Depending on the location, biopsy may be difficult to obtain, lead to potential 
complications, or have a low yield.  The standard method used to identify cancer is the pathologists’ 
examination of a tissue biopsy. For examination of the esophagus or colon, an endoscope probe is inserted 
into the cavity.  The endoscope typically has a camera and a channel in which forceps are inserted to cut 
and remove a small piece of tissue from the organ. The location of the tissue removal is sometimes random, 
and this technique may be painful for the patient and may cause bleeding. When the tissue is removed, the 
pathologist investigates the sample for cancerous conditions.  
Non-invasive and minimally invasive optical techniques are becoming staples of modern medical 
technology. One of the new techniques for detection of early precancerous conditions is based on 
illuminating tissue by white light and analyzing the scattered signal of its surface. The method used is 
based on light scattering phenomenon and it is called White Light Spectroscopy. In Figure 1.1(a) and (b), 
           
        (a)                 (b) 
 
Figure 1.1: (a) Standard biopsy probe with forceps (Courtesy of www.bostonscientific.com), (b) Optical biopsy probe 
(Courtesy of http://www.bbc.co.uk/news/science-environment-11390951). 
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two endoscopic probes are illustrated. The probe with forceps (Figure 1.1(a)) has two large channels one 
for a camera and one for the forceps. It also has two irrigation channels according to manufacturer. In 
contrast, the other biopsy probe (Figure 1.1(b)) contains only optical fibers for illumination and detection of 
the scattered light from the tissue spot. If a cancerous condition is detected, the optical fibers can be easily 
removed and the forceps are inserted to take a biopsy sample. 
Our goal is to increase the likelihood of selecting a precancerous sample during biopsy through the 
use of optoelectronically enhanced endoscopy.  The White Light Spectroscopy method involves analyzing 
the scattered light from the cell nuclei in the tissue, which will be the focus of this dissertation. The 
scattered light can be related to the morphology of the cell, and in particular, the size of the cell’s nucleus. 
When precancerous conditions occur, there is slight increase in the nuclei size, resulting in nuclear 
crowding. Therefore the main goal of the current research is to develop a procedure for determining the 
size of unknown dielectric scatterers, including potentially cell nuclei, using white light spectroscopy 
methods  
 
1.1 Classical versus White Light scattering methods 
 
 
Light scattering analysis is not a new method, however, determining the size of unknown particles 
using a simplified probe and analysis technique using a white light source is unique.  Classical light 
scattering experiments, as illustrated in Figure 1.1.1(a), are used for the determination of size of particles in 
powders, suspensions aerosols, soot particles etc. The intensity of scattered light is a function of the size of 
the particle, the wavelength of the light source, and the angle of the scattered light. Therefore, a detector is 
required to move around the sample as it collect the scattering signal at different angles with respect to the 
direction of illuminating. The resulting detected signal, in terms of scattering intensity vs. scattering angle, 
has an oscillatory behavior, as can be seen in Figure 1.1.1(b). It is this oscillatory pattern that can be related 
to the size of the scattering particle.  The experimental set up for the classical angular scattering technique 
is shown in Figure 1.1.2. In this configuration, the sample is illuminated with a monochromatic laser source 
and detected with a photomultiplier tube or avalanche photo detector, mounted on a computer controlled 
goniometer such that the collected scatter intensity vs. angle spectrum can be obtained.  This classical 
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experimental setup is lab-bench based only, as the laser source, the light detector and the goniometer 
require heavy optical rails mounted on full sized optical table.  
Detector
Spherical
Particle with 
radius a
θ=1800 θ=00
a
Laser source
   
(a)         (b) 
White light Source/ 
Detector 
θ=1800 
θ=00Spherical 
Particle with  
radius a 
a 
   
(c)           (d) 
 
Figure 1.1.1: (a) Classical angular scattering geometry, (b) Intensity vs scattering angle collected spectrum for                               
polystyrene     microspheres of 4.5μm of diameter, obtained by Mieplot software[18], (c) White Light Backscattering                      
geometry, (d) Intensity vs wavelength collected spectrum for polystyrene microspheres of 4.5μm of diameter,                                    
obtained by Mieplot software. 
In newer research, and what is used throughout this dissertation, the laser source is replaced by a white 
light source.  In this set-up, the detector remains in a fixed location and is replaced by a spectrometer.  No 
longer is the angle of the scattered light the critical component of the results, as it is now the wavelength of 
the scattered light that is a key to this result.  This white light scattering experimental setup is illustrated in 
Figure 1.1.1(c), with the spectrometer fixed at same position of that of the light source, in what is called a 
backscattering geometry.  With the white light source, the detected data has also particular oscillatory 
behavior, however, this time the scattering intensity is a function of the wavelength of the light source. An 
example for such a spectrum is given in Figure 1.1.1(d).  
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Figure 1.1.2: Example for classical angular light scattering set up with Argon-Ion laser source at 
514.5/488nm wavelength and, with APD detector (Courtesy of Brookhaven Instruments Corp.). 
(Wavelength is fixed, Scattering angle is a variable) 
 
The white light scattering experimental setup used in this dissertation is more simplified than the classical 
angle scattering setup, based on fixing the angle and varying the source wavelength.  The system uses a 
broad band light source in the visible range 400-700nm and CCD array detector which collects the 
scattered light at a fixed angle, as the scattering spectrum is giving in terms of scattered intensity vs. optical 
wavelength.  The experimental setup that we use throughout this work is in this white light configuration 
and shown in Figure 1.1.3(a) and (b).    
                        
(a)                            (b) 
  
Figure 1.1.3: (a) The optical spectrometer USB2000 and the backscattering probe used in the experimental set up            
held by hand and the small optical stage for fixing the probe, (b) The broad band tungsten VIS light source used. 
(Scattering angle is fixed, Wavelength is a variable) 
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 With the backscattering white light approach used in this dissertation, an in-vivo experiment could be 
imagined with optical fibers.  Keep the application of an optical biopsy in mind, the goal of this thesis is to 
determine the size of an unknown scatterer using white light spectroscopy. This work will experimentally 
validated using polystyrene microspheres phantom tissues, as is a common technique used by many 
researchers in the area [4];[7];[8];[9];[10];[11];[12].  
The main contributions of this work will be developing a technique for finding sizes of unknown 
dielectric scatterers, by using a simplified experimental set up appropriate for potential in vivo 
measurements for biomedical applications. In addition the data collection, processing, and analysis are key 
to our procedure, which someday could be easily adapted to clinical environment.  
 
1.2 Outline 
 
The outline of this dissertation is as follows.  In Chapter 2, background of the leaders in the field 
of light scattering is reviewed and placed into context with respect to the research presented in this thesis.  
In Chapter 3, the general Mie scattering theory is discussed for light scattering from small (2-15μm of 
diameter) particles. Chapter 4 focuses on the experimental set-up, tissue phantoms, and collected data into 
the spatial (scattering intensity versus the wavelength) domain.  Comparisons between experimental and 
simulated results are also discussed. In Chapter 5, conversion of the spatial domain into the frequency or 
Fourier domain is introduced.  Experimental results will be compared to simulation results. In Chapter 6, a 
detailed procedure for determining the size of unknown scatter will be discussed in details, as well as 
testing the procedure using samples created with unknown sized scatterers. Chapter 7 summarizes the 
contributions of the current research, along with suggestions for augmenting the procedure for determining 
the size of unknown samples in other research fields. 
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CHAPTER 2: SPECTROSCOPY TECHNIQUES FOR OPTICAL BIOPSY 
 
 
White light spectroscopy is based on illuminating the sample with broad band light source 
typically in the visible range of 400-700nm and collecting the backscattering signal as a function of the 
wavelength. This technique, in most of the cases, uses optical fibers for delivery and collection of light 
such that the fibers are in direct contact with the investigated sample. The fibers are set such that the 
scattering angle is 1800, in a backscattering geometry. In this way, the fibers can potentially be fitted into a 
standard biopsy channel in an endoscope for clinical applications.  
In this Chapter, will be discussed the major researchers in this area of white light spectroscopy, and their 
contributions in the area.  The chapter will be concluded with a summary of their work, and how the work 
presented in this dissertation is unique. 
 
2.1 Review of white light spectroscopy techniques for investigation of tissue phantoms 
by J. Mourant [8];[11]  
 
Mourant et al [8] propose an experimental technique for determination of the scatter size via 
elastic-scattering spectroscopy method, using unpolarized white light. In this paper authors discuss the 
behavior of the spatial oscillations of the scattering spectra of polystyrene microspheres suspended in water 
solutions. They explain significant differences in the oscillatory spectra obtained from samples containing 
particles with different diameters, as they propose that these differences can used for distinguishing of 
normal and precancerous cells in human tissue. 
                                                        
Figure 2.1.1: The 100μm optical fiber from the lamp is butted to a 200μm fiber that is in contact with 
the scattering medium. The collection path is also through the 100μm and into a 200μm optical fiber 
that guides the light to a spectrograph coupled to a CCD array [8]. 
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The experimental set up they use is based on fiber optical probe, using tungsten white light source and 
spectrometer (Figure 2.1.1). The collected spectrum is the scattering intensity as function of the 
wavelength. Their experiment reveals linear dependence of spectral oscillations as function of scatterer 
diameter. The spectral range for the experiment was 450nm-900nm. They propose that this dependence can 
be used for determination of a scatterer size. The refractive indices used for simulations in this paper are 
1.587 and 1.332 for polystyrene and water respectively. The authors are using tissue phantoms based on 
polystyrene spheres in water suspensions. The spectra from four phantoms with particle diameters 0.329, 
0.451, 0.890 and 2.020μm are shown in Figure 2.1.2(a) and (b). In this figure it can be observed that the 
number of oscillations increase with the particle diameter. Therefore, a count of these oscillations can be 
used for determination of the particles’ diameter and each oscillation pattern can be used as signature of a 
particular scatterer size. More over the scatterer’s diameter is a linear function of the number of oscillation 
peaks. This dependence is shown in Figure 2.1.3. In Figure 2.1.2(a) are shown the raw spectra of the 
investigated particles sizes and in Figure 2.1.2(b) are shown the derivative spectra of the same samples, 
where the spatial oscillations are better visible in comparison with the same oscillations of the raw non 
processed spectrum. In addition, authors also discuss the behavior of the spatial oscillations at different 
scatterer concentrations, as they verify experimentally that these oscillations do not depend of the particles’ 
concentrations. Also they investigate the behavior of the oscillation when the spheres are suspended in 
optical coupling gel with refractive index n=1.5. In this case the position of the spectral oscillations is 
 
    
 (a)                (b) 
 
Figure 2.1.2: (a)Spatial oscillations of an elastic scattering spectrum of several tissue 
phantoms, (b) Spatial oscillations of the derivative spectra of the same samples. Diameters of 
polystyrene spheres d used are 0.329, 0.451, 0.890, and 2.020μm [8]. 
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shifted (phase shift) in comparison with water suspension spectrum and the frequency of the oscillations 
tend to decrease.  The most important result from their work is the linear relationship between the number 
of spatial oscillations (maxima or minima) and the diameter of the scatterers, observed within fixed 
wavelength range of 450-800nm. This result is shown in Figure 2.1.3. The results from this figure suggest a 
potential application of this linear relationship for determination of diameter of scattering particles. 
The same authors in reference [11] are using the same experimental set up and also an additional 
schematic, when two separate fibers (delivery and collective) are used. They also investigate the sensitivity 
of the behavior of the spectra at different distances between the delivery and the collection fiber. According 
to this experiment they found that the spectral oscillations are detected with greater sensitivity at small 
distances between the fibers. In reference [11] the sphere sizes used are 2, 3 and 3.7μm in diameter. The 
refractive indices used for polystyrene and water in this paper are n=1.59 and n=1.33 respectively. Authors 
also are experimenting with sample where the same sphere sizes are suspended in intralipid with refractive 
index n=1.35. They also investigate by simulations the case when the refractive index of the sphere is 
n=1.46 instead of n=1.59 with the same intralipid suspension with n=1.35. In this case the frequency of the 
spatial oscillations is reduced in comparison with water suspension sample.   
 
                                   
Figure 2.1.3: Particle diameter as a function of the total number of maxima and 
minima of the derivatives of the elastic scatter spectrum between 450 and 800nm 
[8]. 
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2.1.1  Summary of the work shown by authors in references [8];[11] 
 
The most important results discussed in both papers are focused in the behavior of the spatial 
oscillatory spectra, obtained in the form of intensity of the backscattered light as function of the 
wavelength, when a broad band light source is used. The frequency of those oscillations depends on 
particles’ diameter, their refractive indices and those of the suspension medium. Authors propose a 
potential technique, based on this dependence, for determination of scatterer size, which can be used for 
distinguishing of normal and precancerous cells in human tissue. In both papers authors are using 
illumination in the range of 400 to 900nm and they are focused in the smaller scatterer sizes in the range of 
0.329-3.7μm sphere diameter. Also they are using Monte Carlo code for simulations of Mie theory. The 
experimental/simulation comparisons made for 1μm diameter spheres are close [8] however, as spheres’ 
size increases, the experimental data and simulations are different [11]. Authors also are doing 
investigation of effect of absorption by adding dye into suspensions, which affects the scattered signal by 
reducing the amplitude of the spatial oscillations. 
 
2.2 Review of white light spectroscopy techniques for investigation of tissue phantoms 
used by V. Backman [7] 
 
Backman et al [7] is experimenting with polarized white light using tungsten lamp as broad band 
visible light source, and investigates the spectrum of polarized back-scattered light in the spectral range of 
450-750nm. The optical system uses a broad-band light source and a polarizer, which linearly polarizes the 
incident light. The incident beam is collimated with small lens and an aperture on the polarizer and then 
directed towards the sample. A polarizing beam splitter cubes are used as analyzers and also to separate the 
backscattered from the sample with incident light. In this case the incident and the scattered signals have 
two orthogonal polarizations. To avoid specular reflectance, the incident beam is oriented at an angle of 150 
with respect to the normal to the surface of the sample. The input and output from the source and analyzer 
is delivered through 200μm core diameter optical fibers into two channels of a multichannel spectroscope. 
This enables the spectra of both components to be measured simultaneously in the range from 400 to 900 
nm. This set up is shown in Figure 2.2.1.  
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Figure 2.2.1: Experimental set up for investigation of polarized backscattered light from tissue samples used by 
Backman . [7]
Authors are investigating samples of tissue phantoms based on polystyrene microsphreres with size ranging 
between 0.5 and 10μm with refractive index n=1.59 are suspended in deionized water with refractive index 
n=1.33. The frequency of oscillations in backscattering spectra depend on the diameter of the spheres and 
the relative refractive index between the sphere and the suspension medium m=nsphere /nmedium. In water 
suspensions the value of the relative refractive index m is approximately 1.2. The experimental results for 
polystyrene spheres in water and simulated spectra are shown in Figure 2.2.2. 
                 
           (a)                    (b) 
 
Figure 2.2.2: Spectra of polarized (residual) component of backscattered light from two-layered tissue model.     
Top layer: (a) d = 4.65μm beads in water, m = 1.19, (b) d = 9.5μm beads in water (m =1.19)[7]. 
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Authors also are comparing oscillatory experimental spectra with simulated spectra using classical 
Mie theory and Bohren and Huffman code for scattering from a sphere [1][2]. They are varying the average 
size of the scatterer, the standard deviation from size and the relative refractive index in order to get the 
best possible fit with the experiments. As it can be seen from Figure 2.2.2 authors have relatively good 
agreement between the experimental and the simulated spectra with some slight phase shifts between them. 
Authors discuss the significance of the “ripple structure’ [1];[2][5] which is simply those high frequency 
oscillations of the spectra and more importantly they are signature of specific scatterer size. Those are the 
same oscillatory characteristics observed from the Mourant [8];[11] previously discussed.  Authors discuss 
a very important characteristic of those oscillations. They are due to single scattering events by each 
particle and they are the dominant signal in the backscattering spectra.  
The motivation behind the application of this technique is the greater sensitivity to the high 
frequency oscillations when the optical contrast is low or when the relative refractive index m is close to 1. 
This is the case when real cells are investigated since the refractive indices of the nuclei and the cytoplasm 
are close as the value of the relative refractive index m is ~1.03-1.1 [3]. In this case the high frequency 
oscillations are masked significantly by the background light from the sample.  
 
2.2.1 Summary of the work shown by the authors in reference [7] 
 
In summary the authors in reference [7] are focused on the investigation of the high frequency 
oscillation of the backscattering spatial spectra taken from tissue phantoms based on polystyrene spheres. 
They discuss the importance of those oscillations in the context of Mie theory. They are signature of the 
scattering particles with particular diameter and can be used for estimation of the scatterer’s size. The main 
application will be for distinguishing and detection of dysplastic/tumor from normal cell/nuclei, as the 
diameter of the dysplastic cell/nuclei is larger than that of the normal ones.  
The main outcome from their paper is development of a white light spectroscopy system utilizing 
the polarized light. Separation of the polarization of the illumination and the collection signal helps for 
extraction of the spectral oscillatory features, when the optical contrast is low with relative refractive index 
m close to 1, which is the case with biological cells. However in the case with polystyrene spheres in water 
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the optical contrast is high as m~1.2 and those oscillations are easily detectable without the use of polarized 
light. 
 
2.3 Review of white light spectroscopy techniques for investigation of tissue phantoms used 
by Scaffardi and Videla [13];[14] 
 
In references [13];[14] the authors propose an experimental technique for determination of scatter 
size using visible and near NIR spectroscopy. Their work discusses the advantages of using Fast Fourier  
                          
Figure 2.3.1: Experimental set up used in references [13];[14]. 
 
Transform method in processing the backscattering spectra for determination of the microparticles’ 
diameter for various applications. The FFT can help converting the spectrum from spatial to the frequency 
domain, where each scatterer exhibits frequency components with specific position along the certain 
frequency range.   Their experimental set up consist of quartz–tungsten–halogen lamp (visible and NIR) is 
focused on the tissue phantom sample (polystyrene microspheres suspended in DI water) through a delivery 
optical fiber of 200μm core diameter.  The backscattering light is collected by a similar optical fiber 
positioned next to the delivery fiber at separation between the fiber cores between 300 and 500μm. Both 
immersed in the sample. The wavelength range in this experiment cover four regions 450-850, 750–850, 
1060–1100, 1110–1150nm and 1000-1200nm within VIS and NIR. The scatterers are standard calibrated 
monodisperse latex spheres suspended in pure filtered water. The nominal calibrated diameters of the 
particles used were 5, 8, 10, 20, 30, and 50μm. The experimental set up is shown in Figure 2.3.1. 
Their experiment reveals linear dependence of frequency peaks positions as function of scatterer 
diameter. When the particle’s diameter increases, the corresponding frequency peaks are shifting toward 
the higher frequency numbers. The theoretical model describing this phenomenon is a consequence of Mie 
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theory [1];[2], since specific oscillations patterns occur at different wavelength ranges, hence there will be 
corresponding frequencies into Fourier domain. Sample raw spectra collected for latex sphere are shown 
with diameters 5, 8, 10 and 20μm in water solution. 
The experimental raw spectra obtained with their system are shown in Figure 2.3.2(a) and processed 
spectra, with subtracted background of the light source, are shown in Figure 2.3.2(b) for the  
                         
                    (a)                        (b)           (c) 
Figure 2.3.2: (a) Raw spectra for spheres of diameters 5, 8, 10 and 20μm, (b) processed spectra with subtracted 
background for the same sizes of spheres, (c) FFT frequency peaks corresponding to each of the processed 
spectra [13];[14]. 
 
same sizes of spheres. In Figure 2.3.2(c) are shown the corresponding frequency peaks those samples after 
conversion in the Fourier domain. The authors provide further explanation of the spectra processing by 
subtracting an appropriate polynomial that mimics the quartz-tungsten-halogen spectrum, for eliminating 
the slowly varying component from the investigated spectrum, in order to highlight the rapid varying 
components of oscillation spectrum. After these polynomial fittings authors claim that the resulting 
oscillation spectra are close to a pure sine signal, resulting in a single peak in Fourier domain. These 
                                    
Figure 2.3.3: Linear relationship between the sphere diameter and the corresponding frequency peak 
position (value) after conversion of the spatial oscillatory spectra into Fourier domain. Experimental 
points (marked with star) versus simulation points (marked with circle) [13];[14]. 
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processed experimental results are compared against Mieplot, created by Laven [18].  Authors show a 
linear relationship between the diameter of the scatterer and the corresponding frequency peak value. This 
result is shown in Figure 2.3.3. 
 In Figure 2.3.3 authors frequency peak positions (frequency values) from the experimental spectra 
of 3, 5, 8, 10 and 20μm of diameter spheres (star symbol) and the corresponding points from calculations 
using Mieplot software [18]. Comparisons in the frequency domain are good, however, this is dependent on 
the polynomial used to fit the experimental data.  In reference [13];[14] authors are investigating also 
greater sphere diameters of 25, 30, 40, 50 and 60μm as they show two different linear dependences for two 
groups of sizes and again the corresponding points from the Mie calculations using Mieplot [18].These 
results are shown in the next Figure 2.3.4. As it can be seen from the figure the sphere diameters of 20, 25 
and 30μm are fitted from one line and the sphere diameters of 40, 50 and 60μm are fitted by other line. This 
result implies that one linear fit is not appropriate for all scatterer sizes of interest. In this case if one fit is 
applied to all sizes, there will be large deviations from the fit for most of them. When this dependence is 
used for determination of the scatterer size, those deviations will contribute to reduced accuracy of the final 
result. This is due to the fact that spatial oscillations are not uniform throughout wide spectral range. When 
the uniform oscillations are converted into Fourier domain a clear frequency peak can be obtained. The 
                                             
Figure 2.3.4: Two linear relationships between the sphere diameter and the corresponding frequency peak position 
(value) after conversion of the spatial oscillatory spectra into Fourier domain. Experimental points(marked with 
star) versus simulation points(marked with circle).The shorter line fits sphere diameters of 20,25 and 30μm and 
the longer line fits 40,50 and 60μm sphere diameters [13];[14]. 
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ranges of uniform oscillations can overlap for certain scatterer sizes and those ranges have to be carefully 
investigated in order to obtain correct results. 
2.3.1 Summary of the work shown by the authors in references [13];[14] 
 
The authors in references [13];[14] are focused again at the behavior of the spatial oscillation of different 
scatterer sizes when  a broad band light source is sued (Visible/Near infrared) and when the spectra are 
collected as intensity versus the wavelength. They discuss again as previous researchers [7];[8];[11] that 
those oscillations are signature of the particle’s size. They propose a potential method for determination of 
the scatterer size by investigation the frequency content of those oscillations into Fourier domain.  They 
investigate limited wavelength ranges approximately 100-130nm in the visible range and 50-200nm in the 
near infrared.  They show a linear relationship between the frequency peak values and the sphere diameter 
as this relationship could be used for estimation of particle’s diameter. They also show that for certain 
scatterer sizes different linear relationships can be valid. 
 
2.4 Similarities differences and advantages with experimental techniques used in 
comparison with other researchers 
 
In summary the similarities and the differences between current experimental work and those from the 
reviewed researchers are shown in Table 2.4.1.   In this table we can see that tissue phantoms made of 
polystyrene spheres are used by all researchers. The method for investigation of those phantoms is the 
white light spectroscopy in backscattering geometry. This method is the first important part of the main 
goal of the current research work. Also we can see that all researchers are using Mie theory for validation 
of the experiments. This is important for classification of unknown scatterer (cell/nuclei) sizes, which is the 
second part of the main goal of the current research. The first two researchers Mourant [7][8];[11] and 
Backman [7] prefer comparison between the experiment and theory into spatial domain (intensity versus 
wavelength). Authors in [7];[8][11] are showing good comparisons between the experiments and the 
theory, however they do not explore the limitations of the spatial domain and do not propose a particular 
technique for determination of the size of unknown scatterer. Spatial oscillations have complicated features 
that must be explored into Fourier domain, when classification of an unknown scattered has to be done. 
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Only the third researchers Scaffardi and Videla [13];[14] are using comparisons into Fourier domain as 
they are looking at certain limited wavelength ranges approximately 100-130nm wide.  Authors in [13];[14] 
are claiming that they are using second order polynomial fitting of the background spectrum of the light 
source such that after processing the raw spectra (with the spatial oscillations), almost pure sinusoidal 
oscillations remain. They do not give an explanation how exactly they do this. As a consequence after 
conversion of the sinusoidal spectrum into Fourier domain, they obtain one single frequency peak 
according to FFT theory.  However the real picture is quite different and a conversion in the Fourier 
domain looking at wide spectral ranges 100-130nm is not precise enough for comparison between the 
experiments and simulation and for determination of unknown scatterer size, because the frequency of the 
spatial oscillations is not uniform throughout wide spectral ranges especially for scatterer sizes larger than 
10μm. The frequency of the spatial oscillations is decreasing towards the longer wavelengths and the 
overall behavior of the spectra is ~ sin(1/λ) or cos(1/λ) , where λ is the wavelength of the light source and it 
is a variable, because the spectra are collected as intensity as a function of the wavelength (see Appendix1). 
The real spectra of polystyrene sphere are much complicated and fitting as a pure sinusoidal will result in 
loss of the real frequency content of the spectrum which is associated with particular scatterer size. Hence a 
different approach is needed in order to determine precisely the size of an unknown scatterer. 
In contrast to these three reviewed papers, the unique aspect of the research in this thesis is the combination 
of using narrow bandpass filters in the spatial domain, and converting these results into the frequency band 
for analysis and determination of unknown scatterer size. In that way, a precise comparison between he 
experimental and simulated spectrum can be performed. This is the base of the main goal of the current 
research: determination of the size of unknown dielectric scatterer (cell/nuclei size). These techniques are 
applied to the 500-700nm visible range of interest, where the unknown scatterer diameters in the range 2-
15μm can be determined.  
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Table 2.4.1: Similarities and the differences between current experimental work and those from the reviewed      
researchers.  
 
 Mourant 
Ref [8];[11] 
Backman 
Ref [7] 
Scaffardi & 
Videla 
Ref [13];[14] 
My 
research 
Water Suspension of Polystyrene 
spheres 
YES YES YES YES 
Refractive Index Polystyrene 
Refractive index Water 
1.587, 1.59 
1.332, 1.33 
1.59 
1.33 
1.59 
1.33 
1.59 
1.33 
Real Biological Cells NO YES NO NO 
Optical Fiber Probes YES NO YES YES 
Polarizers NO YES NO NO 
FFT(Fast Fourier Transform) NO NO YES YES 
Size Range/ Sphere Diameter[μm] 0.3-3.7μm 4.5-10μm 3-60μm 2-15μm 
Wavelength Range[nm] 450-900nm 450-750nm 450-1200nm 400-700nm 
Optical Hardware/Software 
Band-Pass Filter 
used in Spatial/Wavelength Domain 
NO NO NO YES 
Mie Theory/ 
 Simulation Code 
Monte Carlo Bohren & 
Huffman 
Bohren & 
Huffman 
Bohren & 
Huffman 
Proposed Potential Method for 
Scatterer Size Estimation 
YES NO YES YES 
Proposed Detailed Procedure for 
Determination of Unknown Scatterer 
Size  
NO NO NO YES 
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CHAPTER 3: OVERVIEW OF LIGHT SCATTERING THEORY 
 
 
Light Scattering Theory is of great importance, since it gives the relationship between the behavior 
of the scattered field and the size of the scatterer. The achievement of the main goal of the current research, 
determination of the size of unknown dielectric scatterer (for biological cell/nuclei application), requires 
solution of the scattering problem based on analysis of the scattered field.  The scattered field has particular 
oscillatory behavior dependent on the size of the scatterers, the wavelength of the light source, the 
refractive indices of the scatterers and the surrounding medium and the scattering angle (the position of the 
observation point). In my research the scattering angle is set to constant and the scattering spectrum is 
obtained as intensity versus the wavelength of the broadband light source. The size range of interest 2-
15μm sphere diameters, covers the size range for normal and dysplastic cell/nuclei as the mean diameter of 
normal cell/nuclei is around 5-6μm and for dysplastic is 10-15μm [3][9]. 
 
3.1 Introduction to light scattering phenomenon  
 
When light encounters matter it reemits in all directions. This phenomenon is called “scattering” 
(Figure 3.1.1). Scattering is due to reflection, refraction and combination of both interactions with the 
particle. In Figure 3.1.1 the intensity of the scattered light, denoted with blue arrows, depend on the 
 
Figure 3.1.1: Schematic of light scattering phenomenon. 
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position of the observation point (in red) or the scattering angle θ, the wavelength of the light emitting 
source λ, the size (radius a) of the particle and the refractive indices of the particle and the surrounding 
medium. In the most common case absorption can also take place along with the scattering, since the 
material of the particle might absorb the electromagnetic radiation in particular part of the spectrum.  The 
general scattering problem is about scattering of plane electromagnetic waves by a particle with arbitrary 
shape, size and refractive index. This can be described in details by Mie theory.  
The classical solution given by Mie theory is based on scattering from a spherical particle with 
arbitrary size and refractive index [1][2]. There are particular approximations for special cases involving 
particles with shape different than spherical.  The subject of the current research is focused on the spherical 
dielectric particles. The solution of the classical scattering problem is calculation of the scattered field as a 
function of the spheres’ size and the relative refractive index, which is the ratio between the particles’ 
refractive index and that of the surrounding medium.  This ratio is denoted with m= nsphere/nmedium, it has 
been introduced in Chpter 2.2 (the review of Backman [7]) and will be used throughout all chapters. 
Another important parameter used within the Mie theory is the size parameter, which is denoted with the 
dependence x=2πa/λ.  Here a is the sphere radius and λ is the wavelength of the incident light. The solution 
of the scattering problem depend on the combination of the size (radius) of the particles of interest and the 
wavelength of the illuminating source (considering wide electromagnetic spectrum e.g. from UV to 
Microwave [24]). There are certain scattering regions as Rayleigh, Mie and Geometric Optics regions 
                                          
Figure 3.1.2: General light scattering regions in terms of particle radius versus wavelength. The blue 
square denotes the particles’ radius range of interest 1-10μm investigated within the visible range 400-
700nm which falls into Mie scattering regime [24]. 
 
 20
shown in Figure 3.1.2. Each of these regions is associated with particular ratio between the radius of the 
scattering particle and the wavelength/s used. This ratio multiplied by 2π is simply the value of the size 
parameter x. In Figure 3.1.2 can be seen (the area marked with a blue square) that the sizes of interest in the 
current research, sphere radius between 1 and 7.5μm (or diameters 2-15μm) investigated within the visible 
range 400-700nm, fall into Mie region. This size range is of interest because it includes the diameters of 
normal and dysplastic cell/nuclei, as discussed in the beginning of Chapter 3. 
 
3.2 Introduction to Mie theory 
 
 
The study of light scattering phenomenon involves a solution of the Helmholtz wave equation in 
spherical symmetry, with particular boundary conditions applied to the incident and the scattered fields. 
This solution is given in the context of Mie theory. In general Mie theory describes light scattering from 
spherical particles with arbitrary size and refractive index. The classical case involves a solution with 
respect to the magnitude of the radius vector r in spherical coordinate system, such that it is considered 
equal to the radius of the spherical scattering particle.  
A detailed representation of the Mie theory is given in great details by Bohren and Huffman [1] 
and Van de Hulst [2]. The relationship between the incident and scattered light for spherical particles is 
described in terms of electric field components by amplitude scattering functions (Equation 3.2.1). In the 
general case for scattering from arbitrary particle, when polarization is assumed, the notation of the 
“amplitude function” is substituted by “amplitude matrix”. The matrix contains four different amplitude 
functions S1, S2, S3 and S4 all functions of the scattering angle θ, the azimuthal angle φ and the radius 
vector r in spherical coordinate system. The scattering geometry involving the parameters θ, φ and r is 
shown in Figure 3.2.1. The incident light comes from z direction and the direction of the scattered light is 
determined by the radius vector r and the scattering angle θ. In most measurements the angle φ is kept 
constant as in the case with a spherical particle. This angle is associated with the symmetry of the particle. 
The relationship between the incident and the scattered fields is given by the Equation 3.2.1, where k=2π/λ 
is the wavenumber, z is the direction of incident light. 
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S1, S2 , S3 and S4 are associated with the so called Stokes’ vectors [1;2] given by different combinations of  
the parallel E||  and transverse E┴  components incident and the scattered fields. Stokes’ vectors 
(sometimes called parameters) are Is , Qs , Us , Vs   and they are defined as:  
ts. 
 
 
                                                                   
* * 
            
* *
Is = ‹Es|| Es|| + E s┴ E s┴ ›    
Qs= ‹E s|| E s|| – E s┴ E s┴ ›  
Us= ‹E s|| E s┴*– E s┴ E s||*›  
Vs= i ‹E s|| E s┴*– E s┴ E s||*› 
                            (3.2.2)                          
                                                  
 
The subscript “s” refers to the scattered filed. The same parameters exist with the corresponding subscript 
”i” referring to the incident over particle field. The relation between the two sets of parameters representing 
both fields is the scattering amplitude matrix with Sij terms (S11, S12,…S21, S22…S44). Each of those terms 
is given as particular sum of the squares of the amplitude functions S1, S2, S3 and S4 [1];[2]. For white 
unpolarized light Qs=Us=Vs=0 and Is is the only parameter associated with the amplitude functions S1, S2, 
representing the scattering intensity. Also for spherical particle S3=S4=0, since they are associated with 
symmetries different than spherical, and only S1 and S2 are involved. Then the matrix equation assuming 
the parallel E|| and the perpendicular E┴ components of the electrical field has the following form: 
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In the case with white (non-polarized) light illumination, which is the subject of the current experiments, 
the intensity of the scattered field is given by the simplified equation: 
Isca= 1/2 ( | S1 |2  +| S2|2 ) Iins . The complete solution for the amplitude functions S1 and S2 comes from 
the solution of the Helmhotz wave Equation (3.2.4). This is where the Mie theory star
                                                                                                                                                              (3.2.4) 02 2k m    
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Here k is the wavenumber, m is the relative refractive index between the sphere and the surrounding  
                Backward direction θ=1800
Forward direction θ=00
 
Figure 3.2.1: The geometry of the scattering problem with a spherical particle. 
 
medium (m= nsphere/nmedium) and ψ is a particular wave function satisfying the equation and  is the 
Laplacian Operator. 
2
The geometry of the scattering problem in spherical coordinates is shown in Figure 3.2.1 and the wave 
equation in spherical coordinates can be written in the form: 
 
                                      (3.2.5) 
2
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After the standard procedure of separation of variables, the general solution of the wave equation is given 
by the following expression (3.2.6). 
   
                                                                                                                                                              (3.2.6)  
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This solution is a product of a three separate functional dependences, as each one of them is representing 
particular solution with respect to one of the three variables in the spherical coordinate system. The first 
sine and cosine terms in parenthesis represent the dependence with respect to the azimuthal angle “φ”. This 
term is constant for the classical scattering problem. The second term Pnl(cosθ) represents the dependence 
on the scattering angle θ, as Pnl are the associate Legendre polynomials.  For the backscattering and 
forward scattering geometries this second term is also constant.  
 The last term zn(mkr), represented by Bessel/Hankel functions, is  the most important  one, (m is the 
relative refractive index, k is the wavenumber and r is the radius vector) because it is associated with the 
size of the scattering particle with the radius vector and the boundary condition. Here the boundary 
condition r=a, for the solution, applies only to this last term. This condition has a general form (Ei+Es-
E1)×êr=(Hi+Hs-H1)×êr=0. In component form the boundary condition is represented by four equations: 
 
 
 
     E ||i+ E ||s = E || i  ;   E ┴i + E ┴ s = E 1 ┴                                                                (3.2.7a)
 
                                  H ||i+ H ||s = H || i  ;  H ┴i + H ┴ s = H 1 ┴                                                             (3.2.7b)
 
It represents continuation of the electrical and magnetical field components between the boundary of the 
sphere and the surrounding medium [1];[2]. The fields’ components are represented by superposition of 
spherical Bessel functions and their derivatives given as zn in zn(mkr)  term.  When this boundary condition 
is  applied to the electrical and magnetical components, four linear equations can be obtained with four 
variables called Mie coefficients  [1][2] an , bn , cn and dn.  They are the most important parameters for the 
calculations of the Mie scattering spectra which are subject of simulations. The classical algorithm for 
calculations  of  those coefficients  and  the  final  spectra  is  developed by  Bohren and Huffman and its is 
know as   “Bohren& & Huffman Code” [1]. 
      We will focus our attention on the first two coefficients an and bn, since they are used for the 
computation of the backscattering intensity spectra needed for comparison with the experimental data. The 
other two coefficients are neglected from the theoretical model, since they describe the behavior of the 
internal field, in the presence of abortion, which is not a subject of the current research. The experiments 
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are focused on non absorbing particles, because the real cells and the tissue phantoms mimicking real cells 
do not have an absorption within the visible range 400-700nm of interest. After applying the boundary 
conditions to the fields with a bit of algebra [1];[2] the final form of the coefficients of interest is: 
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where the prime symbol represents the derivative with respect to the argument ( x or mx) .  The index n 
runs from 1 to ∞, but the infinite series occurring in Mie formulas can be truncated at a maximum, nmax 
proposed by Bohren and Huffman [1] to be: nmax=x+4x1/3+2.  This maximum index nmax is used for 
numerically calculation of the an and bn coefficients. The functions ψn(z)=zjn(z) and ξn(z)=zhn(1)(z), are 
Riccati-Besssel functions hn(1)(z)=jn(z)+iyn(z) are Hanckel functions of order n with  arguments, z = x or 
mx, respectively . Here jn(z) and yn(z) are first and second kind spherical Bessel functions. The derivatives 
follow from the spherical Bessel functions recursion relations: [zjn(z)]’=zjn-1(z)-njn(z) ; [zhn(1)(z)]’= 
 zhn-1(1)-nhn(1)(z). Also there are other important relationships between Bessel functions:   
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Here, Jn and Yn are Bessel functions of the first and second kind. For n=0 and n=1 the spherical Bessel 
functions are:  
 
                                         and                                              (3.2.11)           
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For higher orders, the following recursion relation can be used: 
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( )
( ) ( ) ( )n n nn
z
f z f z f z 
                                        
                        
where, fn is any of the functions jn and yn.  Power series expansions for small arguments of jn and yn can be 
used for simplification. 
               The final expressions for amplitude functions S1 and S2, discussed previously, are the following:  
 
                                                                                                                                                            (3.2.14)                               
  
1
2 1 ( )
( 1)
n n n n
n
nS a
n n
b  
 
                                                                                                                                                            (3.2.15)                                        
                  
                                        
where, πn=Pnl /sinθ and τn=dPnl /dθ   are angle dependent functions, where Pnl is the Legendre polynomial 
of degree n and order l [1][2]. For the backscattering case when the scattering angle θ is set to 1800 we 
have:   
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Both amplitude functions S1 and S2 are the same with respect to a sign. Hence |S1|=|S2| and the intensity of 
the backscattered field is I~ |S1|2=|S2|2. Finally the backscattering intensity [1][2] is given by the following 
equation: 
 
                                                                                                                         (3.2.17)  
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The backscattering signal calculated by Equation 3.2.17, exhibits particular oscillation pattern in terms of 
intensity versus wavelength, since the wavelength is the variable as was discussed previously in Chapter 1. 
An example of such a spectrum was given in Figure 1.1.1(d). The main contribution to the oscillation 
behavior of the spectra is the superposition of all EM field components of all rays interacting with the 
sphere. In particularly this contribution is due to the backscattered components produced by reflection or 
refraction of the incident rays at the inner/outer surfaces of the sphere.  This superposition is obtained 
numerically through the summation of all the different orders of Bessel/Hankel functions and their 
derivatives within an and bn coefficients, such that each point of the spectrum is calculated at particular 
wavelength. Each ray is associated with particular order n+1/2 (n also corresponds to the summation index 
in Equation 3.2.17) of Bessel/Hankel functions and this dependence is known as Localization principle [1]; 
[2]. For all rays with n+1/2≤ x the functions have oscillatory behavior [1];[2] and for n+1/2>x functions 
have exponentially decreasing behavior. The phase difference between the backscattered components of 
those rays, is proportional to the size of the sphere through the size parameter x=2πa/λ and the relative 
refractive index m and it is associated with the spatial oscillations of the spectra though the Bessel and 
Hankel functions into an and bn coefficients. The arguments of these functions are x and mx. Hence the 
frequency of those oscillations is also proportional to the same parameters [1];[2]. Thus a change of any of 
these parameters will contribute to a different oscillation pattern. In our case the all parameters are constant 
and only the wavelength is a variable. A simplified explanation of the backscattering signal and the spatial 
oscillations behavior in terms of geometrical optics is given in Appendix 1.  
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3.3 Initial simulations using Bohren and Huffman code 
 
Some sample simulated backscattering spectra, using Mie theory with Bohren and Huffman Code 
[1];[2];[20] and MATLAB [28] software, are shown in Figure 3.3.1(a)-(e). Simulations are performed for 
 
       
 (a)              (b) 
       
  (c)               (d) 
     
(e)              (f)  
 
Figure 3.3.1: Simulated spectra for spheres of (a) 2 μm, (b) 3μm, (c) 4.5μm, (d)  5μm, (e) 6μm of diameter  and  (f) 10μm 
of  diameter, with relative refractive index    m=1.195( npolystyrene=1.59 by Polyscience Inc, ndiw=1.33[1][2]). 
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polystyrene spheres with diameters of 2, 3, 4.5, 5, 6 and 10μm, within the wavelength range of 500-700nm 
with refractive indices of 1.59 and 1.33 for polystyrene and deionized water respectively. Also the observed 
oscillations are due to single scattering events. Multiple scattering events are randomized throughout the 
scattering volume, as they contribute just to the diffuse background the signal and they do not affect the 
rapid oscillations of interest. This result as confirmed by different researchers 
[29];[30];[31];[32];[34];[35];[36];[37]. The Bohren and Huffman Code is used exactly for simulations of 
the single scattering events, which are the dominating signal in those spectra. 
   As we can see from Figure 3.3.1(a)-(e) that the number of oscillations (full maxima), within 
particular wavelength range (500-700nm) is increasing with the scatterer size. This relationship is linear 
and it is shown in Figure 3.3.2. Why this relationship is linear is discussed in detail in the Appendix 1. 
 
                
Figure 3.3.2: Number of spatial oscillations, observed from simulated spectra, 
as a function of the sphere’s diameter. 
 
 
 
 
 
 
 
 
 
In the graph from Figure 3.3.2 are shown the number of oscillations for the diameters of 2, 3, 4.5, 5 and 
6μm, since they are easily countable. The oscillations for sphere diameter of 10μm, from Figure 3.3.1(f), 
are very hard almost not countable because of the spike features in the simulated spectrum. That’s why the 
data point for 10μm spheres is omitted from the linear graph in Figure 3.3.2. We can see that for sizes 2, 3, 
4, and 5μm spheres, the oscillations are easily countable besides that their frequency and amplitude are 
changing throughout the investigated wavelength region 500-700nm. However when the diameter of the 
spheres pass 5μm, the oscillations tend to become more complicated. With further increasing of the sphere 
diameter, the oscillations have more “spike” like features throughout the whole spectrum. This is the case 
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for example with the simulated spectrum for sphere diameters of 6μm and greater diameters like the 
spectrum of 10μm. 
 
3.3.1 Introduction to Morphology Dependent Resonances (MDRs) 
 
      These “spike” like peaks are explained by so called Morphology Dependant Resonances 
(MDRs)[5], which are physically described as the resonant frequency of the spheres, and mathematically 
modeled when the denominators of the of the Mie coefficients an and bn are zero, as seen below:  
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The solutions of those equations represent the resonance frequency of the sphere, where the sphere is acting 
as a cavity. The notations TM and TE are the transverse components of the electrical and magnetical fields 
respectively. The frequencies are proportional to the size parameter x and the relative refractive index m. 
The successive resonances have values between x and mx, as the first order resonance is occurs when the 
mode number n, of the resonance frequency, is equal to x. The mode number represents each solution of the 
equations through the infinite sum of Bessel/Hankel functions in the final expression for calculation of the 
backscattering spectrum (Equation 3.2.17). The first maximum occurs at the center of the sphere when mx 
is equal to n (or n+1/2, assuming partial order of those functions in relation with the Localization principle 
[2]discussed in Chapter 3.2). This can be interpreted as n wavelength fitting inside the sphere and equaling 
its circumference n=mx  n(λ/m)=2πa . In this case, m=1, therefore, n=x, which implies that the incident 
EM field is approximately equal to the scattered field. This case is referred to the Born approximation [1]; 
[2][6];[21] or the Rayleigh-Debye-Gans scattering. When n≤x, Bessel/Hankel functions have primary an 
oscillatory (~sin(1/λ) or ~cos(1/λ), λ is a variable) characteristic.  When n>x those functions have 
exponential behavior and describe surface waves decaying exponentially away from the surface of the 
sphere, leading to the spiky response in the data [5]. The surface waves are enhanced when a ray is passing 
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tangentially at the sphere’s surface and it is entrapped into multiple/integral number of internal reflections 
until it passes the critical angle and go backwards to the illumination/observation point [5]. 
In current experimental results, MDRs are not observed, as those resonances are not excited with 
our white light system and also when we have a scattering volume with many particles with some size 
distribution [5]. Those resonances are easily damped in a scattering volume with any size distribution of the 
particles, since their phase is randomized within the volume. MDR’s can be enhanced and observed only 
from a single spherical particle levitated by optical trap [5];[22][23] and illuminated with a laser source. 
Also they are greatly affected by absorption in the scatterers, which is not present in the experiments and 
therefore neglected in the in the theoretical model. In the mathematical simulated spectra MDRs appear, 
since the Mie theory assumes scattering from a perfect (without any size deviation) single sphere with all of 
its features. That’s why MDR’s are not needed into simulations. In order get rid of them, a small imaginary 
part of 0.002i is added to the relative refractive m. Usually the imaginary part in the refractive index is 
associated with absorption but in our case this small addition is acceptable, since MDRs are not physically 
enhanced and observed in the experiments. Other researchers also used this little adjustment in order to 
suppress these “spikes” [38];[39];[39][40];[41];[42]. In this case they are pure mathematical feature in 
excess to the simulation data. In that way the “spikes” are completely attenuated without affecting the 
major oscillations which are signature for the scatterer size. The value of this imaginary part was 
determined by examining a lot of simulation spectra with different imaginary parts and comparison with the 
experiments. In the next Figure 3.3.1.1(a)-(b) are shown two spectra of the same sphere diameter, one with 
MDRs (red spectra) and one with suppressed MDRs (blue spectra), plotted in the same graph for spheres 
with diameter of 6 and 10μm. 
It is clearly seen that the major oscillations are not affected when MDRs are attenuated by the 
small imaginary part in the refractive index. With this small addition, comparisons between the 
experimental and simulated data can be made. Those comparisons are the subject of Chapter 4. The 
simulation of polystyrene spheres (n=1.59) in DI water (n=1.33) Figure 3.4.1.1(a) 10μm and (b) for 6μm of 
diameter. When the MDRs are attenuated in more complicated spectrum, like that for 10μm, it is possible 
the number of oscillations (maxima) to be counted per certain wavelength range, so that this scatterer size 
can be another data point in the liner relationship discussed previously. 
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(a)        (b)  
 
Figure 3.3.1.1: Matlab simulation for (a) 6μm and (b) 10μm spheres with and without small imaginary part of 0.002i       
added to the relative refractive index m. 
In the next Figure 3.3.1.2 is shown the linear dependence including 10μm sphere as a data point.  
 
                
Figure 3.3.1.2: Number of spatial oscillations, observed from simulated spectra, 
as a function of the sphere’s diameter including 10μm sphere diemeter. 
 
 
 
 
 
 
 
 
Finally we can summarize that the light scattering phenomenon is well described by the Mie theory. All 
Mie equations and the corresponding Bohren and Huffman Code can be easily adapted for simulation of a 
particular experiment. The linear relationship between the sphere diameter and the number of the spatial 
oscillations (full maxima) is important for initial analysis of the spectra in the spatial (intensity versus 
wavelength) domain.  The experimental spectra are expected to have the same linear dependence which is 
the subject of the next Chapter 4. 
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CHAPTER 4: EXPERIMENTAL RESULTS IN SPATIAL DOMAIN AND 
COMPARISON WITH SIMULATIONS 
 
 
In this Chapter will be discussed the initial experimental results obtained in the spatial (intensity 
versus wavelength) domain. The experimental results are from tissue phantoms, created with polystyrene 
micro spheres and deionized water that mimic well cell/nuclei behavior. Also the experimental techniques 
for data collection and processing will be discussed. This Chapter will be concluded with a comparison and 
analysis of experimental and simulation data.  
 
4.1 Experimental set up used 
 
The experimental system is composed of a white light source (Dolan-Jenner Industries, Fiber-Lite 
PL-900) and a USB2000 optical spectrometer (Ocean Optics, Inc) with a wavelength resolution of 0.3nm 
and 2048 pixel CCD detector array.  The spectrometer gives us results in terms of received intensity (in 
arbitrary units) versus the optical wavelength. Its spectral range is 200-860nm. The experimental set up is 
illustrated in Figure 4.1.1. 
  
             Figure 4.1.1: The experimental set up used throughout current research work. 
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A bifurcated optical fiber probe (Ocean Optics, Inc) in a backscattering collection configuration is used to 
interrogate the phantom tissue.  The probe consists of illumination and collection fibers incorporated in a 
backscattering configuration. The tip of the probe has a 30 degrees angled window, which  
                                
Figure 4.1.2: Fiber configuration into the bifurcated optical probe used in the experiments.  
eliminates the specular reflectance from the sample surface. The probe consists of 1 central and a ring of 6 
surrounding 200μm core fibers, each with a numerical aperture of 0.22. The central fiber is used to collect 
the scattered light, and the surrounding ring is used for illumination of the sample. The fiber configuration 
is illustrated in Figure 4.1.2. 
  In Figures 4.1.3(a)-(d) are snapshots of the original lab set up, the light source, the spectrometer, 
the optical probe and the experimental samples housed in plastic cuvettes. As it can be seen from Figures 
4.1.1 and 4.1.3(a)-(d) that the experimental set up used in this research is simple, in terms that it is easy to 
move and collect data from different experimental environments. We could even image that a simple 
experimental setup like this could be potentially used for in vivo experimentation. After the data is collected 
from the spectrometer, we then must process the data for interpretation.  We will discuss this process next.  
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 (a)                                                 (b) 
 
                           
    (c)                                  (d) 
 
Figure 4.1.3: (a) Fiber probe holder, (b) The optical spectrometer USB2000 with hand size, (c) The optical fiber 
probe used, (d) The light source (on the top) connected with the spectrometer (in the middle) and the probe. 
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4.1.1 Procedure for collection and processing of the spatial spectra 
 
We next provide the major steps in collecting and processing the data from the experimental set-
up for analysis: 
1) Measure the input light source using a white standard WS-1 (Ocean Optics) as a reference. This will 
provide us with the input light spectrum which we will remove from our data. 
2) Place the sample into the system and collect the raw data spectrum. 
3) Normalize the collected data and the input light spectrum to roughly the same intensity scale (looking at 
the highest intensity point of each spectrum) and remove the input light spectrum (this is the reference 
signal) by subtracting from the raw spectrum.  The remaining spatial oscillations are the data of interest.  
4) Further processing and noise removal of the processed data is obtained with a standard FFT filter with 6 
points average using ORIGIN software [27]. 
This procedure is illustrated in Figure 4.1.1.1. 
 
(a)                                 (b)                                                         (c) 
 
Figure 4.1.1.1: Procedure for collection spatial spectra with oscillations as a function of the wavelength:                        
(a)-(b)=(c). 
 
4.2 Tissue phantoms 
 
The experiments were performed on tissue phantoms based on polystyrene spheres in deionized 
water suspensions. The spheres mimic the cell/nuclei behavior. Many researchers 
[4][7];[8];[9];[10];[11];[12]  use such tissue phantoms for experiments for biological applications, because 
those phantoms are much easier for preparation, storage and manipulation in comparison with biological 
samples. 
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The experimental samples of tissue phantoms are created with polystyrene microspheres (manufactured by 
Polysciences Inc) suspended in deionized water. The standard diameters, as well as their standard 
deviations, of the spheres used in the experiments in this Chapter were 2.061±0.024μm, 3.119±0.164μm, 
4.450±0.127μm, 5.940±0.123μm, 9.977±0.412μm and 15.660±1.430μm. These sizes were chosen, as they 
support the size range for biological nuclei [3][9].  We will use the sizes of approximately 6 and 10μm to 
represent healthy and cancerous cell respectively. Investigated lab samples are prepared in  
 
                  
Figure 4.2.1: Lab samples prepared in 1ml deionized water and 
housed in cuvettes. 
1ml deionized water solutions of polystyrene spheres housed in cuvettes (Figure 4.2.1). The refractive 
index for the spheres is n=1.59 given by the manufacturer, and we use the refractive index of water of 
n=1.33 at 200C.  We use a variety of different concentrations of the polysterene spheres in the DI water, 
with the highest concentration of 13x107particles/ml.  This results in a scattering coefficient of 70cm-1, 
which is common for esophageal tissue [43][44].   This value was calculated using the equation μs=σN, 
where N is the concentration of the particles and σ is the scattering cross section.  The other concentrations 
used in the experiments were 15.6x106 particles/ml, resulting in a backscattering coefficient of μs=8.4 cm-1, 
and 7.8x106 particles/ml with corresponding coefficient of 4.2cm-1 which is in the range for soft tissue 
values 0.5-200cm-1 [3]. 
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4.3 Experimental results in spatial domain 
 
We use the techniques describe above to interrogate our five homogenous phantom tissue samples, 
created with polystyrene spheres with diameters of 2.061±0.024μm, 3.119±0.164μm, 4.450±0.127μm, 
5.94±0.123μm, 9.977±0.412μm and 15.660±1.43μm.  The spectra of interest are within part of the visible 
range between 500 and 700nm, as we have found that all experimental samples (2-15μm) have clearly 
visible oscillations in this range. An example spectrum of spheres with diameter of 9.977μm for a full range 
of 400-800nm is shown in Figure 4.3.1. Illustrated on this figure is where the 500-700nm range.   
                                         
Figure 4.3.1: Appropriate wavelength range for investigation of experimental spectra 500-700nm. Example 
for the spatial spectrum of polystyrene spheres of 9.977μm of diameter. 
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In Figure 4.3.2(a)-(d), the resulting scattering intensity vs. wavelength results are shown for the 
phantom tissue samples with scatterer diameters of 2.061±0.024μm, 3.119±0.164μm, 5.940±0.123μm and 
9.977±0.412μm. After the experimentation and the data processing, the first observations from the spatial 
          
     (a)               (b) 
            
     (c)               (d) 
                                                  
        (e) 
      
Figure 4.3.2: (a) Spatial oscillations spectrum for 2.061μm spheres, (b) 3.119μm spheres, (c) 5.940μm                   
spheres, (d) 9.977μm spheres, (e) Linear relationship number of spatial oscillations versus diameter.  
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spectra from different sizes of spheres, were the behavior of spatial oscillations. The first and the most 
important result is that the number of oscillations (min/max), looking at specific wavelength range is 
increasing with the increase of the scatterer’s size. The second important observation is that oscillations are 
shifting towards longer wavelength (red/near infrared regions) with the increase of the scatterer’s size.  
Also increasing with scatterer size is the oscillation period, which could also be looked at as the frequency 
of the oscillation.  Since the oscillations shift to higher wavelengths with increasing size, there is a limit of 
scatterer sizes to be estimated when using a light source with particular bandwidth. For the visible range of 
400-700nm, the appropriate sizes are 2-15μm, because oscillations of smaller then 2μm or larger then 15μm 
sphere diameters, are hidden in UV or near IR spectral ranges and they are almost not detectable in the 
visible range.   
In Figure 4.3.2(e) the linear relationship between number of spatial oscillations and the sphere’s 
diameter is confirmed with experimental data. Hence it is possible to determine the size of the unknown 
scatterer by using the linear relationship (Figure 4.3.2(e)), as discussed in Chapter 3.  
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4.4 Comparison between the experiments and simulations in spatial domain 
 
In Figures 4.4.1(a) and (b) comparisons between simulation and the experiment results are shown 
in the spatial domain. Simulation parameters used are diameters of d=5.940 and 9.977μm and index of 
refractions of n=1.59 and n=1.33 for polystyrene and deionized water. The experimental spectra are for 
spheres with diameter 5.940±0.123 and 9.977±0.412μm as these values are the mean diameters with a 
standard deviation in size given by the manufacturer (Polysciences inc). 
 
     
(a)         (b)  
 
Figure 4.4.1: (a) Spatial spectra of 5.940μm spheres diameters (green curve), and (b) 9.977μm spheres diameters           
(red curve). Comparisons with MATLAB [28] simulations (blue curves). 
 
If we count the number of full (maxima) peaks they are approximately the same 16 peaks ±1 and 26 peaks 
±1 for 5.940 and 9.977μm spheres respectively, as ±1 peak is considered half of any maxima peak. In these 
graphs, the residue of the light background which is a slowly component observable for the spectra of the 
same samples in Figure 4.3.2 is eliminated further by subtraction of the baseline of the spectra, such that 
the remaining oscillations are easier to compare. There is a small uncertainty in counting the number of 
peaks since there is some phase shift between the simulated and experimental spectra. Possible 
explanations the fact that there is a standard deviation, associated with the size of polystyrene spheres, 
which means that the scattered from the sample light might correspond to actual diameter slightly different 
from the mean value, additionally slight change in the refractive indices, within the sample, could 
contribute to these phase shits.  
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In Figure 4.4.2, the data points and the corresponding linear relationship between the size and 
number of oscillations are shown for the experimental and simulated data.  In Figure 4.4.2, the slopes of the 
linear fits are examined, with an experimental fit slope of 2.71 and the simulations linear fit slope of 2.76. 
Both lines overlap well (Figure 4.4.2(b)) as slight deviations are observed at smaller diameters 2 and 3μm 
which gives the difference between the slopes. This linear dependence implies that there is also a linear 
relationship between the frequencies of those oscillations, since the increase of number of oscillations per 
fixed wavelength interval corresponds to increase of their frequency. This will be discussed in Chapter 5. 
 
    
 (a)          (b) 
 
Figure 4.4.2: (a) Number of spatial oscillations versus sphere diameter, (b) Linear fit of experiment versus              
simulation. Comparison between the experiment and simulations. 
 
4.5 Challenges and limitations in spatial domain analysis 
 
From examining the spatial spectra in Figure 4.3.2(a)-(d), we saw that the oscillations from 2 to 
10μm sphere diameter are easy to count, but for larger, sizes such as 15μm spheres (as seen in Figure 
4.5.1(a)), the oscillations are complex and they are difficult to count. Between the wavelength range of 500 
and 580nm, oscillations for 15μm spheres are smeared and impossible to quantify.  This poses a challenge 
when larger sizes need to be classified because counting those oscillation peaks is hard and not precise.  In 
addition, when a mixture of two or more different sizes is investigated, the resulting spatial oscillations are 
even more complex, since the resulting spectrum is a superposition of two or more waveforms with 
different frequencies and amplitudes.  Figure 4.5.1(b) shows an example, where a mixture of spheres with 
diameters of 5.940 and 9.977μm is analyzed using our technique. The study of mixtures is important for 
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biomedical applications, since the early precancerous conditions are associated with the presence of normal 
and precancerous cells in the same tissue sample.   
 
    
(a)                                   (b) 
 
Figure 4.5.1: (a) Spatial spectrum of 15μm spheres and (b) of a mixture of spheres with diameters of 5.940 and          
9.977μm sphere. 
 
We conclude that for better classification of experimental sample, the analysis in spatial domain is 
not precise enough, as oscillations are not uniform throughout the investigated range 500-700nm. The 
oscillations tend to become more complex as the particle sizes increase.  Hence another solution must be 
explored. This is the investigation of the frequency of those oscillations within narrowed spectral ranges 
into Fourier domain. This is the subject of the next Chapter 5.    
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CHAPTER 5: EXPERIMENTAL RESULTS IN FOURIER DOMAIN AND 
COMPARISON WITH SIMULATIONS 
 
 
The challenge of counting non uniform oscillations throughout the entire visible range in the 
spatial domain can be alleviated by examining the spatial spectra in the Fourier domain. In this Chapter, we 
show that converting a limited data into the frequency domain by standard Fast Fourier Transform (FFT) 
procedures, will lead to characterizing a scatterer by a “signature frequency”.  We will show that these 
signature frequencies will also be linear with respect to scatterer size, and can lead to determination of 
unknown scatterer sizes. 
 
5.1 Background of the Fourier Transform 
 
In order to achieve the main goal of developing a procedure for the determination of unknown scatterer 
size, we can to use the benefits of the classical Fourier Transform. Conversion of the spatial spectra into 
Fourier domain can be performed by using the standard FFT algorithm, typically built into many simulation 
programs. The software used for FFT processing in this dissertation is ORIGIN [27]. 
  Recall the benefits of the Fourier Transform. For example, if we have a simple sinusoidal wave 
form, the FFT will convert this signal into a single peak into the frequency domain. As the frequency 
increases, the resulting FFT frequency also increases.  This can be seen in Figure 5.1.1(a)-(d).  However, 
the beauty of the Fourier transform is when the signal is a superposition of sine waves, as the transform will 
decompose this signal into individual components, as shown in Figure 5.1.1(e)-(f).  Even through this 
simple example, it can be seen how the FFT can be a helpful tool analyzing different spatial oscillatory 
spectra.  
Typically, the Fourier transform converts from the time domain into the frequency domain. 
Therefore, when we are using the FFT to convert the spatial spectra [nm] to the wavenumber [cm-1], the off 
the shelf software converts the frequency into Hertz [Hz]. Therefore, we must further convert this data into 
wavenumber [cm-1]. This conversion relationship comes from the analogy between the definitions of 
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spatial frequency (1/λ=F [cm-1]) and the frequency /period (1/T=f [Hz]) relation in time domain, where λ 
and T are the wavelength [cm] and the period [s] respectively. Hence both definitions are equivalent and by 
using the relation f[Hz]=c/λ , here c is the speed of light in vacuum. The by using this relationship λ=c/f  
1/λ =f/c=F [cm-1] we can write an equation for conversion of the units from [Hz] to [cm-1]: 
                                                      F [cm-1] = f [Hz] / 2.998x1010[cm/s] 
          
      (a)                (b) 
          
      (c)                (d) 
          
(e)                (f) 
 
Figure 5.1.1: (a) Spatial oscillations sine wave with frequency f1, (b) FFT peak of the sine wave with frequency                     
f1=0.00244cm-1, (c) Spatial oscillations sine wave with frequency f2, (d) FFT peak of the sine wave with frequency                  
f2=0.00407cm-1, (e) Spatial oscillations waveform with frequency f1 + f2, (f) Two FFT peaks of the resulting waveform              
with the corresponding frequencies of the individual sine waves. 
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Here, the speed of light, c, is 2.998x1010cm/s in a vacuum. Figure 5.1.2 shows the relationship between the 
step size, in nm, of the spatial domain is Δλ=0.3nm and the corresponding to resolution in the frequency 
domain of ΔF=0.00005cm-1. 
  
Figure 5.1.2: Relationship between the resolution in spatial (Δλ) and frequency (ΔF) domains. 
 
 
5.2 Experimental results in Fourier frequency domain 
 
In our first experiments, we examine the conversion of 5.940 and 9.977μm scatterers from the 
spatial domain into the frequency domain.  Results in both domains can be seen in Figures 5.2.1(a)-(d).  As 
it can be seen from the Fourier spectra, the frequency content of each signal is determined and particular 
frequencies could be attributed to characterize a particular scatterer size. However, there is not a single 
frequency component that characterizes the sphere. To reduce the number of frequency components 
representing each individual scatterer size in the Fourier domain, the input optical spectrum has to be 
reduced to a limited range in the spatial domain where spatial oscillations are approximately uniform. 
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(a)                 (b) 
   
(c)                                  (d) 
 
Figure 5.2.1: (a) Spatial versus (b) FFT spectrum of 5.940μm spheres, (c) Spatial versus (d) FFT spectrum of  
9.977μm spheres. 
5.3 Limiting the spatial spectrum by introducing an optical filter 
 
The motivation behind a limited optical spectrum is that, in a smaller spatial domain, the 
oscillations may be more uniform, resulting in a single frequency that could describe the scatterer.   Even in 
the limited spatial domain, enough significant information about the morphology of the scatterers still 
remains. For example a 9.977μm sphere spectrum is shown in Figure 5.3.2. Looking along the whole 
spectrum, there are uniform and non uniform oscillation ranges, such that within the uniform oscillation 
ranges the distance between two neighboring maxima is approximately the same. The green rectangular in 
the graph representing a band pass filter confines one of the uniform oscillations ranges approximately 
between 530 and 570nm. 
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In our experimental work, we have added an optical band pass optical filters into the optical path to limit 
the exposure bandwidth. The experimental setup is shown in Figure 5.3.1(a), illustrating that the bandpass 
filter (Figure 5.3.1(b)) is placed between the output of the light source and the delivery fiber input end.  
Initial results have been obtained using two different hardware filters, each centered at 550 nm. The 
manufacturer values for the full-width at half-maximum (FWHM) of the filters used are 80±25 nm 
(Edmund Optics, Inc.), 40±8nm (Andover Corporation). The experimental measured FWHM of these 
filters was 100, 44nm respectively.  
         
(a)                    (b) 
 
Figure 5.3.1: (a) Experimental set up with addition to optical bandpass filter, (b) picture of the filter with an 
optical stage. 
     
Figure 5.3.2: Example of selection of uniform oscillation range. 
 
 48
Homogeneous samples with sphere diameters of 5.940 and 9.977μm have been tested with both of these 
optical filters, and the results are shown in Figure 5.3.3 and Figure 5.3.4. Both figures show the spatial 
domain, highlighting the shape of the filter, and the corresponding frequency domain, with a frequency 
peak highlighted which can characterize the sample.  
 
 
  
 
Figure 5.3.3: Spatial and the corresponding FFT spectra for 5.940 and 9.977μm spheres respectively. 
When optical bandpass filter of FWHM=100nm at CWL=550nm is used. 
In the case with the wide filter with FWHM=100nm, in Figure 5.3.3, applied to sphere samples with 
diameters  5.940 and 9.977μm, we can see that we have reduced frequency content in comparison with the 
frequency spectra for the same samples without a filter(Figure 5.2.1(b) and (d)). We have selected 
frequency peaks but still not good enough for precise characterization of the scattering sample. From the 
frequency spectrum of 5.940μm (Figure 5.3.3) we can see that we have a double peak, which means that we 
still have not confined a uniform oscillatory part of the spatial spectrum. Uniform oscillations will result in 
a single narrow peak. In the case with 9.997μm sample we have much boarder double like peak with 
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additional small side peaks. Such a peak corresponds to even less uniform part of the spectrum. Hence we 
need to test a narrower filter to get better results. The frequency values shown in Figure 5.3.3 correspond to 
maximum peak amplitudes. Similar results will be discussed later in Chapter 6. 
 
 
 
Figure 5.3.4: Spatial and the corresponding FFT spectra for 5.940 and 9.997μm spheres respectively, 
when optical badpass filter of FWHM=44nm at CWL=550nm is used. 
When the filter with FWHM=44nm is used, two clear signature peaks can be obtained, and their frequency 
values can be used for characterization of particular scatterer size from the homogeneous sample. Hence 
filter widths around 40nm seem to be the more appropriate for our application. However these results are 
obtained with a central wavelength (CWL) 550nm. Different central wavelengths will be discussed later in 
this Chapter, as well as in Chapter 6.   
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5.4 Mixture of two different scatterer sizes in Fourier domain 
 
In Figure 5.4.1 (a) and (b), the spatial and the FFT spectra of an equal concentrations mixture of 
spheres with diameter of 5.940 and 9.977μm is shown. Note, there is no bandpass filter used in this  
experiment. As we can see, the frequency content of the mixture spectrum is quite complex in the range of 
500-700nm (Figure 5.4.1(b)) 
In Figure 5.4.2, shows the results of the same mixture when using a 44nm bandpass filter.  As can be seen, 
the corresponding spectrum in the frequency domain has two distinguished peaks corresponding to each of 
the mixture components.  Note that these frequencies match with the signature frequencies from 
homogeneous samples shown in Figure 5.3.4. In that way by creating a database of signature frequencies 
for particular scatterer sizes we can resolve the content of different mixtures of scatterers.   
   
   
 (a)         (b) 
 
 Figure 5.4.1: (a) Spatial versus, (b) FFT spectrum of a mixture of 6μm and 10μm spheres. 
 
    
(a)         (b) 
 
Figure 5.4.2: (a) The spatial and, (b) FFT spectra for the mixture of 5.940 and 9.977μm spheres. 
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The third peak at approximately 0.00150cm-1 is a residue of the DC frequency [19] component which 
mathematically is represented with the average of the sum of all components in the Fourier expansions. 
Also the DC component is affected by the residues of the light background subtraction. 
 
 
5.5 Linear relationship between the scatter size and the signature frequency 
 
A key relationship in this work is the linear relationship between the signature frequencies and the 
spheres sizes.  We need to see if this will still hold when using the bandpass filters.  We experimentally 
validated this relationship by interrogating samples with sphere sizes of 5.940, 9.977 and 15.660μm in our 
test setup, while using the CWL=550nm, FWHM 44nm bandpass filter. The experimental data were 
converted into the frequency domain, and the result is shown in Figure 5.5.1. The linear relationship holds 
true.   
                              
Figure 5.5.1: Frequency versus size from the experiment for 5.940, 9.977 and 15.660μm with the 
same bandpass filter (CWL=550nm, FWHM 44nm). 
 
Using a linear regression line with a general form of y=mx+b, where b is the intersect with the “y” axis and 
m is the slope value, we calculate the equation of the linear fit line. This linear equations gives us a 
relationship of: Diameter[μm]=1.67586+1501.29582xFreq[cm-1]. The precision of estimation of the 
unknown size is determined by the standard deviation Sd=±0.285μm of the linear fit calculation [26]. This 
parameter is important because it gives the precision of the size estimation and all procedure steps for 
finding the unknown size will be based on its initial selection. It simply represents the acceptable deviation 
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from the mean value of the size as this value is on the linear fit line. The equation for calculation of this 
parameter is:     
                                (5.5.1) 
2( .
2
yy xxS m SSd
N
  
)
 
In this equation Syy is the sum of each ith data point (“yi”) minus the average (”yave”) value of these points 
as this difference is squared at every point: Syy= Σ(yi- yave)2 .  In the same way is calculated the 
value of Sxx for each “xi” data point. Here m is the slope of the line and N is the total number of data 
points. 
5.6 Hardware versus software filters 
software, or mathematical filter, whose parameters can be easily adjusted along a wide wavelength range. 
rofile of the hardware filter in 
comparison with the software filter, which has perfectly Gaussian profile.   
 
 
Only certain defined filter sizes (FWHM and CWL) are available for off the shelf purchase from 
manufacturers. If different filters are needed besides the standard sizes, it will be expensive to purchase, as 
a custom order will be required.  Therefore, the more convenient way to apply a particular filter is to use a 
In Figure 5.6.1 is shown an example of comparison between a hardware and software bandpass filters 
centered at the same wavelength 512 nm and with approximately the same FWHM=40nm. The only 
difference between the filters in Figure 5.6.1 is the slightly asymmetric p
                       
Figure 5.6.1: Example of comparison between spatial profile of hardware(green) and 
software(blue) bandpass filter centered at CWL=512nm and with FWHM=40nm. 
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In Figure 5.6.2 (a) and (b), results in frequency domain are shown when the filters are applied to 
experimental and simulated spectrum of spheres with diameter 10.520μm. As it can be seen from this 
figure, both hardware and software filters are giving the same signature frequencies in the Fourier domain, 
when they are centered at the same wavelength (CWL=512nm) and have approximately the same width 
(FWHM=40nm). In Figure 5.6.2 (a), two overlapping peaks are shown.  The green curve corresponds to the 
case when the hardware filter is placed into the system and the magenta curve corresponds to the case when 
the spatial profile of the hardware filter is used as a simulated filter and multiplied to the experimental 
spatial oscillations. Figure 5.6.2(b) shows two curves, both with a simulated filter. The red curve shows a  
     
 (a)                    (b)  
                 
Figure 5.6.2: Sample FFT spectra for hardware versus software band pass filter (used in spatial domain) both                    
centered at CWL=512nm and with FWHM= 40nm, (a) hardware  into the system (green curve)  versus hardware                      
out of the system( magenta curve) and (b) software filter into MATLAB simulation (blue curve) versus the same                     
filter applied to the experimental spectrum(red curve) of spheres with diameter 10.520μm suspended in deionized                  
water. Simulation and the experimental diameters are the same. 
 
simulated filter on experimental data, and the blue curve shows software filter on simulated data.  The peak 
frequencies of 0.00722cm-1 for both filters are well matched.  Hence we can conclude that there is no 
difference whether we use a hardware or software filer as long as we apply the same central wavelength 
(CWL) width approximately the same width (FWHM) to the experimental and the simulated spectra. In this 
comparison the more important parameter is the CWL. Even if the width differs with couple of nanometers, 
because of the asymmetric profile of the hardware filter, we will obtain the same results, as long as the 
CWL is exactly the same as shown in Figure 5.6.1.  However we can see clearly that the use of software 
filter is much convenient since we can move the filter along the whole spectral range of interest 500-700nm 
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and we can investigate the frequency content of each part of the investigated spectrum. In comparison the 
use a hardware filter every time requires purchasing of many different filters with non standard central 
wavelength/widths, which will be expensive.  Therefore, for the remainder of the thesis a software filter 
will be used. 
 
 
5.7 Comparison between the experiments and simulations in Fourier domain 
 
In Figure 5.7.1 comparison between simulation and the experiment in the frequency domain are 
shown. The examples are for spheres with diameters of 5.940 and 9.977μm with standard size deviation 
from those values of Sd=±0.123μm and Sd=±0.412μm, respectively.  The spheres are suspended in a 
deionized water solution, and processed with a software filter of 660nm and FWHM=40nm applied to the 
spatial response. 
  
(a)                  (b) 
 
Figure 5.7.1: (a) 5.940μm spheres FFT spectra (green curve), (b) 9.977μm spheres FFT spectra (red curve) 
Comparisons with MATLAB simulations (blue curves). Software bandpass filter at CWL=660nm and  
FWHM=40nm, is used. 
 
As it can be seen from Figure 5.7.1(a) and (b) there is a close match of the signature frequencies for both 
sizes, between the experimental and simulated spectra. For particular scatterer size there are certain 
wavelength ranges where the spatial oscillations are uniform and correspondingly an appropriate band pass 
filter can be used in order to get clear signature peak in the frequency domain similarly to the examples for 
5.940 and 9.977μm spheres. In the next three Figures 5.7.2(a)-(c) are shown examples in the frequency 
domain for good comparison between the experiment and simulations, for three other scatterer sizes. The 
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standard average diameters for these samples given by the manufacturer (Polysciences inc) are d=2.061μm, 
d=3.119μm and d=4.450μm spheres and the standard deviations from each size is Sd=0.024μm, 
Sd=0.164μm and Sd=0.127μm respectively. 
         
   (a)         (b) 
                                                   
          (c) 
 
Figure 5.7.2: (a) 2.061μm spheres FFT spectra (red curve), (b) 3.119μm spheres FFT spectra (red curve), 
 (c) 4.450μm spheres FFT spectra(red curve).  Comparisons with MATLAB simulations (blue curves). 
 
 
As it can bee seen again from the Figure 5.7.2(a)-(c), there is good match between the experimental and 
simulated signature frequency peaks.  The filter parameters used in the examples in Figure 5.7.2(a) and (b) 
are CWL=506nm with FWHM=50nm and CWL=540nm with FWHM=40nm in Figure 5.7.2(c). 
 
 56
The slight frequency shifts observed in Figures 5.7.1 and 5.7.2 are due to the tolerance in size given by the 
manufacture as standard deviation (Sd) from the mean size.  Table 5.7.1 summarizes the experimental 
versus simulation diameters and corresponding frequencies. The experimental diameters are given as 
“average diameter” provided by manufacturer (Polysciences Inc) for particular sample. In the simulations 
the refractive indices for polystyrene and deionized water are n=1.59 and n=1.33 respectively.  
 
Table 5.7.1. Summary of the experimental versus simulation diameters and corresponding frequencies 
 
Experiment 
Average Diameter / Frequency 
Simulation 
Diameter /Frequency 
d=5.940μm/ 0.00217cm-1 d=5.940μm/ 0.00222cm-1 
d=9.977μm / 0.00380cm-1 d=9.977μm / 0.00374cm-1 
d=2.061μm / 0.00108cm-1 d=2.061μm / 0.00114cm-1 
d=3.119μm / 0.00211cm-1 d=3.119μm / 0.00211cm-1 
d=4.450μm / 0.00266cm-1 d=4.450μm / 0.00271cm-1 
 
 
However in the experiment slight deviations can be expected since the actual diameter of the spheres can be 
between the average diameters plus or minus the standard deviation value given by the manufacturer. 
We summarize that the use of a limited optical bandwidth, through the use of hardware or software filters, 
and converting the spatial spectrum into Fourier domain has considerable advantages.  We can realize a 
signature frequency for spheres, which is linearly related to the scatterer size. This fact will help us develop 
a procedure for determining the size of an unknown scatterer, which we will present next in Chapter 6. 
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CHAPTER 6: DEVELOPING OF A PROCEDURE FOR ESTIMATION OF THE 
UNKNOWN SCATTERER SIZE 
 
 
 
The main goal of this dissertation is to determine the size of an unknown dielectric scatterer.  In 
order to do this, we have developed a procedure that can be performed as a computer program, using just 
simulation spectra and the only experimental spectrum will be that of the unknown scattering sample. Also 
the unknown scatterer size will be obtained within a required accuracy. In this Chapter, we will present this 
procedure, for the specific case of 2-15μm of diameter polystyrene spheres, suspended in water, with a 
relative refractive index m~1.2.  The procedure will be experimentally tested and validated, using unknown 
sized polystyrene spheres suspended in water.  We will propose a more general solution within this Chapter 
and also in the future work on this dissertation. 
 
6.1 Introduction  
 
In the previous Chapters, we have shown the process of examining samples in both the spatial and 
frequency domains.  The general idea of the procedure of estimation of an unknown scatterer size is 
illustrated in Figure 6.1.1.  
      
Figure 6.1.1: General steps for finding the size of unknown scatterer. 
 
As shown in Figure 6.1.1 we have to follow four general steps for finding the size of the unknown scatterer.  
First the spatial spectrum (Chapter 4) of the unknown sample has to be obtained and then a bandpass filter 
(Chapter 5) has to be applied to this spectrum in order to confine a uniform oscillatory part. The next step is 
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to convert this oscillatory part in the Fourier domain in order to obtain a clear signature frequency peak. 
The final step is to apply the linear fit equation, from the linear dependence diameter versus signature 
frequency (Figure 5.5.1), to the frequency of the unknown sample to calculate its size. The precision of size 
determination will be guided from an initial requirement for the size deviation parameter (Equation 5.5.1) 
as discussed in Chapter 5.  
  
6.2 Using one single bandpass filter 
 
When looking at the general procedure steps illustrated in Figure 6.1.1, we can come up with a 
question, does a single filter suffice to confine a uniform oscillatory part from the spectrum of each 
scatterer size within the range 2-15μm. This will be the ideal case. The answer to this question depends on 
the initial criteria for a precision of size estimation, obtained by the standard size deviation (Equation 5.5.1) 
from the linear fit calculations. Let’s use a single wide (software) filter with CWL=600nm and 
FWHM=135nm, such that the winds of the filter cover all oscillations from the spatial spectra in the range 
500-700nm. The spatial profile of this filter is shown in Figure 6.2.2(a). When apply such a wide filter to 
the spatial spectra, we will obtain a broad peak with additional side peaks in the Fourier domain, as was 
discussed through the comparison between 100nm (Figure 5.3.3) and 44nm (Figure 5.3.4) filter widths in 
Chapter 5. In this case a distinguished clear frequency peak can not be obtained but rather the peak with 
maximum amplitude will be considered as a signature frequency. This is because the confined from the 
filter oscillatory part lies within too broad spectral range 200nm. Within such a range most of the scatterers 
of interest (2-15μm) have non uniform oscillations resulting in broad peaks with side peaks or just some 
 
                                         
Figure 6.2.1: Examples for frequency spectra for 7, 8, 9 and 10μm sphere diameters when 
the wide filter (CWL=600nm & FWHM=135nm) is applied. 
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neighboring peaks with different frequencies. Examples for such broad frequency spectra with diverse 
frequency content, when a wide filter is used, are shown for simulated sphere diameters of 7, 8, 9, and 
10μm in Figure 6.2.1. From the examples in Figure 6.2.1 we can see that frequency spectra for 7 and 8μm 
of spheres have broad peaks with two size peaks and the spectra for 9 and 10μm those broad peaks turn into 
4-5 neighboring peaks. In this case a clear single frequency peak can not be obtained but if we take the 
frequency values of the highest amplitude peak within each of those spectra, we can see that the frequency 
is increasing linearly with the size again. However in the procedure for estimation of the unknown scatterer 
size, we always look at the peak with the maximum amplitude because this procedure is intended to be 
automated as computer program which is subject of the future work. 
 
  
(a)                 (b) 
 
Figure 6.2.2: (a) Spatial profile of software bandpass filter with CWL=600nm and FWHM=135nm), (b) Linear 
fit line for the wide filter (FWHM=135nm@CWL=600nm) with simulated sphere diameters    between 2 and 
15μm. 
 
When applying this filter to all sizes of interest 2-15μm and using the frequencies of the maximum 
amplitude peaks, as their signature frequencies, we can create a linear dependence diameter versus 
frequency. Then by applying a linear regression to all data points, we can obtain a linear fit equation with a 
size deviation for estimation of the unknown sample size. These results are shown in Figure 6.2.2(b). 
From the graph in Figure 6.2.2(b) we can see the linear dependence between the size and the frequency, but 
we can notice that the data points are becoming more deviated from the linear fit line with the increase of 
the scatterer size. This results in a large size deviation value of Sd=±0.746μm. We can stop to here if we 
are satisfied with this precision.  However in most of the practical cases a greater accuracy is needed. Then 
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we come up with the next question, how to reduce the size deviation in order to increase the precision of 
the size estimation. 
The answer to this question is breaking the wide spectral range into narrow ranges (Figure 6.2.3) 
by using narrow bandpass filters. The narrower filters in most of the cases can give smaller size deviations. 
When single clear frequency peaks are obtained for all scattering sizes of interest, after applying a  
 
                              
Figure 6.2.3: Breaking the wide spectral range into narrow ranges using narrow filters 
particular narrow filter, we will be able to get smaller size deviation. This result was confirmed throughout 
many tests with experimental and simulated spectra. However single frequency peaks at the same time, 
with one narrow filter, can be obtained only for a small group of scatterer sizes, because not all scatterers 
have uniform oscillations within the same wavelength interval. Hence we have to use different narrow 
filters (FWHM and CWL) to cover all scattering sizes we need. 
Then next question comes, how to select those narrow filters. The answer to this question depends 
on couple of different parameters that affect the frequency of the spatial oscillations. Those are the 
refractive indices of the scatterers and the surrounding medium, along with the size and the wavelength 
ranges of interest. The selection steps, for the particular case of polystyrene spheres in water, are discussed 
in the next sub Chapter 6.3. 
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6.3 Selection of the wavelength ranges with narrow bandpass filters 
 
Since the procedure for estimation of the unknown scatterer size will be based on simulations 
only, we have to simulate the spectra of all scatterer sizes we need 2-15μm (2, 3, 4 etc).  After we have all 
spatial spectra, we have to figure out, how to select a particular narrow part of the spectrum, with uniform 
oscillations for each scatterer size 2-15μm. As pointed out at the beginning of Chapter 6, a particular 
example of the solution/procedure will be presented, for the case with polystyrene spheres in water 
suspension, with relative refractive index m~1.2.  
The first step of the procedure for estimation of the unknown scatterer size, is to set an initial 
requirement for the size deviation needed. Let’s say this value (set by the user) to be Sd ≤ ±0.250μm for the 
particular example. Along with this requirement, the second step is searching for a clear signature peak for 
each scatter size 2-15μm. This is illustrated in Figure 6.3.1. 
 
                  Figure 6.3.1: Searching for a clear signature frequency peak. 
 
According to Figure 6.3.1, the searching for clear signature frequency peaks can be done by 
moving the filter along the whole wavelength range of interest. Simply all filters used are different 
combinations of FWHM and CWL, such that to get a clear peak (marked as a “good peak”) for every 
scatterer size as shown in Figure 6.3.1. After many tests with sweeping different filters, throughout the 
wavelength range 500-700nm, five of them have been selected, covering all scatter sizes 2-15μm, with an 
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initial criterion for Sd ≤ ±0.250μm. If we find a peak with double or triple head for the particular scatterer, 
as shown in the same figure (marked as “bad peak”), then we have to test a new filter which can give a 
clear peak for this sample. Such a double or triple peak can give a frequency value that is less than the 
signature frequency of the previous scatterer size, because of the non-uniform frequency part of the 
spectrum (the signature frequency can be masked by neighboring frequency components). In this case the 
signature frequency of the particular scatterer can be to off from the linear fit resulting in a large size 
deviation. Simply when the confined part of the spectrum is getting more uniform, the signature 
frequencies will be getting closer to the linear fit lines.  
  In that way we can choose a particular filter giving the desired peaks for certain scatterer sizes. 
Then a linear fit line, created for each filter, has an equation used for determination of the unknown 
scatterer size and corresponding size deviation from the fit. Finally, if the size deviation satisfies the initial 
requirement then the filter is selected for a certain group of scatterer size. 
The Gaussian profile of each filter is needed to confine all oscillations of interest within the investigated 
spectrum between 500 and 700nm, such that the limited by the filter part to have a smooth transition from 
zero to none zero intensity. The wings of the filter help for this transition, needed to avoid aliasing after 
conversion into Fourier domain.   
 
Figure 6.3.2: All five narrow wavelength filters used throughout the procedure for determination of                                  
the size of unknown sample with relative refractive index m~1.2.  
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Those five filters in the spatial domain are shown in Figure 6.3.2 and they give the best peak-results. Each 
one of them is good for a particular group of scatterer sizes shown with different color in a box. The CWL 
and FWHM for each Filter from 1 to 5 are the following: Filter#1 @CWL=506nm and FWHM=50nm, 
Filter#2 @CWL=540nm and FWHM=40nm, Filter#3@CWL=560nm and FWHM=40nm, Filter#4 
@CWL=660nm, FWHM=40nm, Filter#5@CWL=660nm, FWHM=20nm. The corresponding scatterer 
diameter ranges for each one of them is 2-4μm, 3-7μm, 10-14μm, 6-10μm and 13-15μm respectively.  
The initial simulations for all sizes in the range 2-15μm have been used for all five filters. For Filter#5 a 
                              
                                                                     
                                                                            (a) 
                                    
                                   (b)             (c) 
                                   
                                   (d)                                                                               (e) 
 
Figure 6.3.3: (a) Linear fit line for Filter#1 (FWHM=50nm@CWL=506nm) with calculated data               
points/diameters of 2, 2.5, 3, 3.5 and 4μm, (b) Linear fit line for Filter #2 (FWHM=40nm@                        
CWL=540nm) with calculated data points/diameters of 3, 4, 5, 6 and 7μm, (c) Linear fit line for Filter#3               
(FWHM=40nm@CWL=560nm) with calculated data points/diameters of 10, 11, 12, 13 and 14μm, (d) Linear fit                             
line for Filter #4 (FWHM=40nm@CWL=660nm)  with calculated data points/diameters of 6, 7, 8, 9 and10μm,                                 
(e) Linear fit line for Filter #5 (FWHM=20nm@CWL= 660nm) with calculated data points/diameters of 13,14,                              
14.5, 15 and 16μm.                                 
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data point corresponding to 16μm has been added to cover some sizes slightly above 15μm. The linear fit 
lines corresponding to each of those five filters are shown in Figure 6.3.3(a)-(e). 
 
6.4 Developing of an algorithm for choosing of a particular narrow filter for estimation of 
the unknown sample size 
 
After all five narrow filters are selected we come up with the next question, how to choose which 
one of them to use for estimation of the unknown size. The answer of this question comes through the 
creation of a sorting algorithm, based on the data obtained when using the wide filter (CWL=600nm, 
FWHM=135nm). After this filter is applied, the results in the Fourier domain can be used for rough 
estimation of the unknown size, such that to sort the unknown sample within appropriate size range, 
supported by a particular narrow filter. Simply we have to associate some parameter with every of those 
five size ranges, such that this parameter to guide the unknown sample through processing with a 
corresponding narrow filter. Such a guiding parameter can be the initial frequency of every scatter in the 
range 2-15μm. We can obtain these data by searching the peak with maximum amplitude (see the example 
in Figure 6.2.1) for every size 2-15μm, recording the peak frequency and division of the whole size range 
into couple of size ranges (for instance 2-4μm, 6-10μm etc) corresponding to each of those five narrow 
filters.  The frequency values can be grouped into frequency ranges corresponding to the size ranges. 
Then depending on which frequency range contains the frequency of the unknown sample, we can choose 
the particular narrow filter for final estimation of the unknown size. Each of those frequency ranges will be 
called frequency bin or just bin, through the rest of the thesis. A simple schematic for creation of those bins 
is shown in Figure 6.4.1 
   
  Figure 6.4.1: Schematic of creation of the frequency bins. 
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An example for this relationship between the narrow filters and the corresponding frequency bins 
is shown in Figure 6.4.2, where Bin#1 is used to point out Filter#1 in the spatial domain, to be used for 
precise estimation of the unknown sample size. 
 
          
Figure 6.4.2: Example of selection of narrow filter using corresponding frequency bin both supporting the   
same size range. 
                   
Figure 6.4.3: Choosing of a narrow filter in spatial domain by using the frequency bins for corresponding 
groups of sizes, after the wide filter at CWL=600nm&FWHM=135nm is applied to all scatters within          
2-15μm range and all spectra are converted into Fourier domain. 
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 In the Figure 6.4.3 are shown all those five frequency bins associated with the five filters (Figure 
6.3.2) in the spatial domain. The yellow blocks show the frequency ranges used during the rough estimation 
of the size range, where the unknown sample has to fit in.  
 
6.5 Outline and block diagram of all Procedure steps for determining of unknown sample 
size   
 
In this sub Chapter we going to summarize all steps in detail, needed for developing of the 
procedure for estimation of the unknown scatterer size, for the case of polystyrene spheres in water, with 
relative refractive index m~1.2. Before we proceed with the detailed procedure steps, we have to simulate 
all scatterer sizes in the range 2-15μm (also simulation of 16μm will be done in order to cover some sizes 
little greater than 15μm and to apply the wide filter and to create the frequency bins as was discussed. Then 
we have to record value of f0=0.00304cm-1.This frequency will be used as a marker which will be used for 
rejection of the DC frequency component discussed in Chapter 5. The marker frequency correspond to 6μm 
spheres and the DC component value has is different sizes above and below 6μm. All procedure steps are 
given in the following order: 
1) In Fourier domain take always the frequency of the peak with highest amplitude.                                      
2) If  frequency peak of the unknown fu > f0 (f0=0.00304cm-1) is found, when using the wide filter 
(CWL=600nm with FWHM=135nm),  then ignore frequency components  with f ≤ 0.00200cm-1 in Fourier 
domain after the narrow wavelength filter is used (DC component rejection). 
3) If frequency peak of the unknown  fu < f0 (f0=0.00304cm-1) is found  using the same wide filter, then 
ignore frequency components with f ≤ 0.00050cm-1 in Fourier domain after a narrow wavelength filter is  
used  (DC component rejection).  
4) If  fu ≤ 0.00200cm-1  then use Filter#1 centered  at  CWL=506 and with FWHM=50nm.     
5) If 0.00110 ≤ fu ≤ 0.00310cm-1 then  use Filter#2  centered at CWL=540nm and with FWHM=40nm.   
6) If 0.00300 ≤ fu ≤ 0.00400cm-1 then use Filter#4 centered at CWL=660nm and with FWHM=40nm.  
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6) If the frequency of the unknown size fu falls in the frequency ranges corresponding to Bin#2 and Bin#4, 
then ignore frequency components with f ≤ 0.00200cm-1 in Fourier domain after a narrow wavelength filter 
is used (DC component rejection). 
7) If 0.00380 ≤ fu ≤ 0.00600cm-1 then use Bin#3 with filter centered at CWL=560nm and with   
FWHM=40nm.   
8) If  0.00590 ≤ fu ≤ 0.00700cm-1 then use Bin#5 with filter centered at CWL=660nm and with   
FWHM=20nm.  
 9) Estimate the overlapping sizes into overlapping Filters/Bins and take the average of all values as final, 
along with the greater standard deviation as final. 
10) Finally estimate the unknown size. 
 
The block diagram of the whole procedure is shown in Figure 6.5.1  
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Figure 6.5.1: Block diagram of all procedure steps for finding the size of unknown scatterer for the case of                                 
polystyrene spheres in water with relative refractive index m~1.2. 
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Finally, the summary of the general steps of the procedure for determination of unknown scatterer size for 
polystyrene spheres in water are shown in Figure 6.5.2. 
           
Figure 6.5.2: Summary of the general steps of the procedure for determination of the unknown scatter size for 
polystyrene spheres in water suspension. 
 
From Figure 6.5.2 we can see that final procedure has three domain conversions: From spatial to frequency 
then from frequency to spatial and finally from spatial to frequency domain again, as the unknown size is 
estimated in the frequency domain. Throughout those conversions, the spatial spectrum of the unknown 
(the two oscillatory pictures in Figure 6.5.2) is processed twice, first with the wide filter and then with one 
of the narrow filters. Domain conversions and the spatial filters processing are major steps of the procedure 
for estimation of the unknown sample size. The other Steps#1-10, given in the outline, involve frequency 
conditions for the specific case of polystyrene spheres in water. All major steps shown in Figure 6.5.2 can 
be used for a developing of generalized procedure for estimation of unknown scatterer size, when we have 
different refractive indices, sizes and the wavelength ranges. In this generalized case, new narrow filters 
(defined by their center wavelength and FWHM), and their corresponding frequency bins will have to be 
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re-calculated through simulation of the scatterer in the surrounding media with the proper indices of 
refraction.   
 
6.6 Procedure test 
 
         The procedure for determination of size of unknown sample has been tested using experimental 
spectra from polystyrene spheres, treated as unknown size spectra.  In the next graph (Figure 6.6.1.) are 
shown all these unknowns into frequency domain marked with capital letters  A,  B,  C,  D,  E  and  F  
respectively. All procedure steps are applied in order as discussed in Chapter 6.5. In the next sub Chapters 
is discussed the estimation of each unknown sample separately, as for sample “A” and “B” are given 
additional examples for the relationship between the frequency bins and the corresponding narrow filters 
for the specific case with these two unknowns. The other unknown samples follow the same steps with 
different frequency bins and filters for particular size ranges. 
 
       
Figure 6.6.1: The frequency spectra of all experimental sizes treated as unknowns and marked with  
letters A, B, C, D, E  and F. A Gaussian   filter centered at CWL=600nm with FWHM=135nm has  
been applied to their spatial spectra before conversion into Fourier domain. 
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6.6.1 Estimation of the diameter of unknown sample “A” 
 
According to the procedure we can see that the maximum amplitude of the frequency peaks for 
“A” sample has a frequencies fA=0.00065cm-1. In that case for this sample Bin#1 must be used with 
corresponding Filter#1 (Figure 6.3.2) centered at CWL=506 and with FWHM=50nm. The frequency of 
sample “A” and Bin#1 are shown in Figure 6.6.1.1. 
                           
Figure 6.6.1.1: Example for sorting of unknown sample “A” with the relationship between frequency    
Bin#1 and Filter#1. 
 
 The linear fit line for this bin is shown in the next Figure 6.6.1.2 and the unknown sample “A” is in the 
line. 
                                        
Figure 6.6.1.2: Linear fit line for Filter#1(FWHM=50nm@CWL=506nm) with unknown A sample shown          
in the graph. The signature frequency for this sample, after this filter is used, is 0.00108cm-1. 
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When the particular  Filter#1  is applied to  the  raw  spectrum  of   unknown  sample  “A”  and  the filtered 
spectrum is converted in Fourier  domain,  a  particular  signature  frequency peak is obtained  with value 
of  0.00108cm-1. Then by putting this signature frequency in the equation for the linear fit line, 
Diameter[μm] = 0.72163 + 1194.11211 x Freq [cm-1]  , the unknown diameter can be determined. 
  As it can be seen from the graph the estimated diameter for the unknown samples “A” is 2.010μm versus 
the actual diameter 2.061μm given by the manufacturer (Polysciences Inc). The standard deviation from the 
linear fit is Sd=±0.073μm and it is in agreement with the initial requirement for the standard deviation for 
estimation of the unknown size Sd≤±0.250μm. 
6.6.2 Estimation of the diameter of the unknown sample “B” 
 
 
According to the procedure again, we can see that the maximum amplitude of the frequency peak 
for “B” sample has a frequency fB=0.00152cm-1, which falls in the frequency ranges corresponding to 
Bin#1 and Bin#2. Then the  unknown sample “B” is estimated by using  the corresponding Filter#1 and 
Filter#2, centered  at  CWL=506nm and CWL=540nm  and with  FWHM=50nm and FWHM=40nm 
respectively. The linear fit line equations used for  Filter#1 and Filter#2 are Diameter[μm] = 0.72163 + 
1194.11211 x Freq [cm-1]   and Diameter [μm] = -0.10127 + 1730.41566 x Freq [cm-1] respectively. This 
sample  will be estimated within both bins, because  the frequency 0.00152cm-1  of its maximum  amplitude  
peak  for  sample “B” (from Figure 6.6.1) falls into the frequency range of Bin#2 associated with the next 
           
Figure  6.6.2.1: Example for sorting  of unknown sample “B” with the relationship between 
frequency Bin#1 and Bin#2 and corresponding Filter#1 and Filter#2. 
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size range 3-7μm. This size range also corresponds to Filter#2 (Figure 6.3.2). This frequency overlap 
between Bin#1 and Bin#2 is shown in Figure 6.6.2.1. The linear fit lines for the corresponding Filter#1 and 
Filter#2, with sample “B” on each one, are shown in Figure 6.6.2.2(a) and (b).      
 
 
            
         (a)             (b) 
 
Figure 6.6.2.2: (a) Linear fit line for Filter#1 (FWHM=50nm@CWL=506nm) with unknown sample “B”, shown in the 
graph, (b) The linear fit of Filter#2 with the same unknown sample “B” in the graph.  The signature frequencies for 
this sample, when using these two filters, are 0.00211cm-1 and 0.00184cm-1    respectively. 
 
The signature frequency values obtained with Filter#1 and Filter #2 are 0.00211 and 0.0184cm-1 and the 
estimated diameters within both bins are 3.240μm and 3.082μm respectively. The final diameter  
will be considered the average of those two values, simply because the sample is estimated twice with those 
two filters. The average value is 3.161μm. The diameter given by the manufacturer (Polysciences Inc) is 
3.119μm. The standard deviation from the linear fits of both filters are Sd=±0.073μm and Sd=±0.104μm 
respectively as the final value will be considered the greater of those two values. It is in agreement with the 
initial requirement for the standard deviation for estimation of the unknown size Sd≤±0.250μm. 
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6.6.3 Estimation of the diameter of unknown sample “C” 
 
According to the procedure again, we can see that the maximum amplitude of the frequency peak 
for “C” sample corresponds to a frequency fc=0.00195cm-1, which falls in the frequency range of Bin#2. 
Then the unknown  sample diameter ”C” is estimated with Filter#2 again, using its signature frequency of  
0.00266cm-1, obtained after this filter is applied. It is shown in the linear fit graph (Figure 6.6.3.1) for this 
filter, marked with “X”. The linear fit line equation used for Filter#2 is Diameter [μm] = -0.10127 + 
1730.41566 x Freq [cm-1]. The calculated diameter for unknown samples “C” from the graph is 4.501μm 
and corresponding manufacturer (Polysciences Inc) diameter is 4.450μm. The standard deviation from the 
linear fit equation is Sd=±0.104μm. It is in agreement with the initial requirement for standard deviation for 
estimation of the unknown size Sd≤±0.250μm. 
                                       
 Figure 6.6.3.1: Linear fit line for Filter#2 (FWHM=40nm@CWL=540nm) with unknown sample “C “ 
shown in the graph. Its signature frequency is 0.00266cm-1, after this filter is used. 
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6.6.4  Estimation of the diameter of unknown sample “D” 
 
According to the procedure again, we can see that the maximum amplitude of the frequency peaks 
for “D” sample corresponds to a frequency fd=0.00260cm-1, which falls in the frequency  range of Bins #2 
corresponding to Filter#2. Then the unknown sample “D” is estimated with Filter#2 with CWL=540nm and 
FWHM=40nm.  
Its estimated diameter is 5.816μm and the corresponding diameter given by the manufacturer (Polysciences 
Inc) is 5.940μm. The linear fit line equation used for Filter#2 is: Diameter [μm]  = -0.10127 + 1730.41566 
x Freq [cm-1].  Also the deviation from the linear fit from linear fit is again Sd=±0.104μm and it is in 
agreement with the initial requirement for the size deviation Sd≤±0.250μm. The linear fit for Filter#2, with 
the unknown sample “D” on the line, is shown in Figure 6.6.4.1.  
                                             
           
Figure 6.6.4.1: Linear fit line for Filter#2 (FWHM=40nm@CWL=540nm) with unknown sample “D”, shown         
in the graph, The signature frequency for this sample, when this filter is used, is 0.00217cm-1. 
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6.6.5 Estimation of the diameter of unknown sample “E” 
  
  According to the procedure again, we can see that the maximum amplitude of the frequency peak 
for “E” sample has a frequency fE=0.00401cm-1, which falls in the frequency ranges corresponding to 
Bin#3 and Bin#4. 
 For “E” sample  Filter#3  and  Filter#4  correspond to band pass filters centered at CWL=560nm  with   
FWHM=40nm  and  at  CWL=660nm  with   FWHM=40nm respectively. The linear fit lines for Filter#3 
and Filter#4 are shown in Figures 6.6.5.1(a) and (b) respectively. The linear fit equation used for Filter#3 is 
Diameter = -1.73277 + 2067.56618 x Freq[cm-1]. The corresponding signature frequency and calculated 
diameter are 0.00570cm-1 and 10.052μm. The calculated diameter for the same unknown sample “E” with 
the next Filter#4 is 9.855μm. This value is obtained by using its signature frequency of 0.00380cm-1, 
corresponding to this filter. The linear fit equation is Diameter[μm]=0.35346 +2500.50388 x Freq [cm-1].  
The average value of sample “E” diameter, estimated from Filter#3 and Filter#4, is 9.953μm. This value is 
considered final for this sample. The standard deviations from the linear fit for Filter#3 and Filter#4 are 
Sd=±0.067μm and Sd=±0.155μm respectively, as the greater of those values will be considered final. It is 
in agreement again with the initial requirement for of the standard deviation for estimation of the unknown 
size Sd≤±0.250μm. 
    
(a)                   (b) 
 
Figure 6.6.5.1: (a) Linear fit line for Filter#3 (FWHM=40nm@CWL=550nm) with unknown sample “D”,          
shown in the graph, (b) The linear fit of Filter#4(FWHM=40nm@CWL=660nm)  with the same unknown      
sample “D” in the graph. The signature frequencies for this sample within these two bins are 0.00570cm-1            
and  0.00370 cm-1  respectively. 
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6.6.6 Estimation of the diameter of unknown sample “F” 
 
       According to the procedure one more time, we can see that the maximum amplitude peak of the 
frequency peaks for “F” sample has a frequency fA=0.00673cm-1, which falls in the frequency Bin#5 
corresponding to Filter#5. Then the last unknown sample “F” is estimated by using Filter#5. The signature 
frequency of sample “F” when this filter is used is 0.00591cm-1 and the linear fit equation is Diameter [μm] 
= -1.84069 + 2965.64195 x Freq [cm-1]. The linear fit line for this filter is and the unknown “F” sample is 
shown in Figure 6.6.6.1. 
 The calculated diameter is 15.686μm and the corresponding manufacturer value is 15.660μm. The standard 
deviation from the linear fit is 0.213μm and it is in agreement with the initial requirement for this 
Sd≤±0.250μm this parameter again. Considering these values this sample is estimated with very good 
accuracy when this filter is used. 
                                                        
Figure 6.6.6.1: Linear fit line for Filter#5 (FWHM=20nm@CWL=660nm) with unknown samples F shown            
in the graph. Their signature frequency is 0.00591cm-1 . 
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6.6.7 Summary of the results 
 
All results discussed   prove good accuracy of the size estimation for size range of 2÷15μm (up to 
16μm within Filter/Bin#5 in order to cover the manufacturer value of 15.660μm). The results obtained with 
all narrower Filters#1-5 are given in Table 6.6.1.  
From the results in the table we can see that we have very good precision of estimation of each unknown 
sample size in comparison with the manufacturer values. Also the results with the narrow filters prove that 
we always can get better precision in terms of the size deviation in comparison with value of obtained by 
the wide filter only (Sd=±0.746μm). The second important observation from the results obtained with those 
five filters, is that the size deviation can vary not only if we change the filter width but also if we keep the 
width constant and move the central wavelength. An example for this are Bin#2, #3 and #4 which have 
FWHM=40nm and CWL=540, 560 and 660nm. The size deviation values are Sd= ±0.104, ±0.067 and 
±0.155μm respectively.  
 
Table 6.6.1: Comparisons between the estimated unknown diameters using Filters#1-5 with the corresponding 
manufacture’s diameters. 
 
         Estimated Size [μm]      Manufacture Size [μm] Difference between   
manufacture and 
estimated   size [%] 
Sample A 2.010 ± 0.073μm 2.061 ± 0.024μm 2.4% 
Sample B 3.161 ± 0.104μm 3.119 ± 0.164μm 1.3% 
Sample C 4.501± 0.104μm 4.450 ± 0.127μm 1.1% 
Sample D 5.816± 0.104μm 5.940 ± 0.123μm 2.0% 
Sample E 9.953± 0.155μm 9.977 ± 0.412μm 0.2% 
Sample F 15.686 ±0.213μm 15.660 ± 1.430μm 0.1% 
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CHAPTER 7: THESIS CONTRIBUTIONS AND FUTURE WORK 
 
 
In this Chapter we going to summarize the contributions of the thesis as the there will be pointed 
out the key futures of each part of this research. In the context of this summary will be discussed aspects of 
the future work and possible applications in other fields of study, which involve the theory of the light 
scattering. 
 
7.1 Thesis in summary 
 
  The thesis can be summarized in four major parts, excluding the introduction (Chapter 1), as each 
part has its own weight for the achievement of the main goal, developing of a procedure for determination 
of the size of unknown dielectric particles. 
The first part of the thesis is the review of the work of other researchers in the area of light 
scattering and white light spectroscopy for biomedical applications. Their work have been well studied and 
presented in the context of the current research work subject of the thesis and also detailed comparisons 
among experimental and simulation techniques have been done.  The main goal and the contributions of the 
thesis have been highlighted in the contrast of those comparisons. 
The second part of the thesis (Chapter 3) is the detailed review of the light scattering theory, which 
is the base of all simulations. They are very important part of the main goal, developing of procedure for 
determination of unknown dielectric scatterer size, since this procedure is intended to be realized as 
computer program using simulations only. 
The third part of the thesis is focused in the experimental work as it is split within Chapter 4 and 
Chapter 5.  The experimental work involves investigations in spatial and frequency domain, as all results 
obtained were used for validated through comparisons with the simulation results using Mie theory. All 
Validations have been done in the spatial and the frequency domains. The comparisons in Fourier domain 
have been done by using bandpass filters in spatial domain first. All results obtained by using combination 
of bandpass filters and corresponding analysis in the frequency domain are the other important part of the 
main goal of the research.  
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The final part of the thesis (Chapter 6) presents the developing of the procedure for determination 
of unknown scatter size with particular example for the case with polystyrene spheres in water suspension. 
The procedure has been tested using experimental samples treated as unknowns. 
 
7.2 Thesis contributions 
 
The first important contribution in the current work is, limiting the input spectrum with bandpass 
filters and conversion into Fourier domain to investigate the reduced frequency content of the real signal.  
The use of band pass filter (hardware/software) helps to prevent aliasing in the transition regions between 
zero intensity level and the intensity values for oscillations through the investigated wavelength ranges. 
Edges at the transition regions are smoothed out by the filter without sharp transitions from zero intensity to 
oscillations of interest. By moving the filter along the wavelength scale, we can investigate short ranges 
where the frequency of spatial oscillations is approximately uniform. Investigation of different short 
wavelength ranges and selection of signature frequency/ies for known samples can be used for 
determination of the sizes of unknown samples.  
The second important contribution is the exploration of the linear dependence between the 
diameter of the scatterers and their signature frequencies within a particular wavelength range, after 
conversion into Fourier domain.  The linear fit equation obtained after each narrow filter is applied, can be 
used for calculation of unknown size by plug in the frequency of the unknown sample into the equation.  
 Finally the development in very details and the test of a sample-procedure for the specific case of 
polystyrene spheres in water and also the proposed generalized procedure for determining of the unknown 
scatterer sizes, with different refractive indices, are the most important contributions of the thesis. It is 
important to notice that both procedures are based on simulations only.  
 
7.3 Possible future work and other applications of the experimental and simulation 
techniques used 
 
Another future aspect of the current work is a detailed investigation of different approximations of 
Mie theory, for particles with different shape like ellipsoids which are also important for biomedical 
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applications. For instance cells in deep tissue layers may be little deformed and have an ellipsoidal shape 
because of the pressure of the upper layers. Also developing of extension to the procedure for classification 
of unknown homogeneous samples for classification heterogeneous samples (mixtures) will be very 
important future addition to the current work, because a mixture of different size of scatterers can be treated 
as tissue phantom containing normal and dysplastic cells at the same time. All these techniques discussed 
should be applied directly to investigation of spectral features of real biological cells and corresponding 
theoretical approximations for their simulation. 
  Finally possible application of current light scattering techniques and simulations in another global 
area of interest: Atmospheric study by long range detection and sensing techniques known as LIDAR 
(Light Detection and Ranging). This is an important area of research, since the increased pollution of the 
atmosphere requires novel approaches and more precise techniques for detection and sizing of air 
pollutants. Usually the LIDAR systems involve tunable laser sources. By using a laser source with wide 
spectral line such as DYE-Lasers, we can obtain information for the oscillatory spectra of different micro-
sized pollutants in the atmosphere.  A wide spectral line can serve as a bandpass filter. For instance the 
active media dye R6G, used in DYE-Laser systems, has spectral line with FWHM around 40nm and CWL 
~580nm. Within this range, spectral oscillations can be observed. When the pollutant is illuminated with 
this particular laser source, the backscattered signal will contain part of the overall spatial oscillations 
spectrum for the particular pollutant, confined within narrow spectral range corresponding to the spectral 
line of R6G. In analogy with the filter techniques discussed we will be able to estimate the size of the 
unknown pollutant. 
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Appendix 1: Introduction to the oscillatory behavior of the scattering spectra 
 
 
 
The oscillatory behavior of the backscattering spectrum can be explained thought the classical 
interference effects, in particularly through thin film interference. The thin film interference is a technique 
for determination of a film thickness, using an optical spectrum and the interference equations. 
A micropshere of diameter d and a refractive index n can be studied as small part of thin film with 
thickness d and the same refractive index n. The particular method for determination of the film thickness 
is called broad-band interferometry discussed in reference [75]. It is working at the same principle as white 
light spectroscopy method used in the current research. The investigated thin film is illuminated with white 
light and the reflected in backward direction light is studied using optical spectrometer. The spectrum of the 
investigated signal is plotted as intensity versus the wavelength. The behavior of the spectrum is like 
cos(1/x) function. The general schematic of thin film interference is shown in Figure A.1.1 and sample 
spectra for 1 and 2μm thick film-layers are shown in Figure A.1.2. 
The interference spectra can be represented using the classical interference formula in simplified 
form as discussed by the author in reference [75]: I(λ)=A+Bcos(2πΔr/λ+Δδ). Here I(λ) is the reflectance 
intensity of the interference spectrum, A is constant which includes the intensities of the two interfering 
 
Figure A.1.1: General schematic of thin film interference and analogy with the case with a microsphere with 
diameter the same as the thickness of the film. Ray R1 and R2 interfere at the observation point [75]. 
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rays , B is a constant giving the amplitude of the cosine function. The argument of the cosine function 
represents the phase shift between the interfering rays, where Δr=2nd is the optical path difference between 
the interfering rays, Δδ=2ndcosφ is an addition to phase shift taking into account the angle φ of refraction 
and the wavelength λ of the incident light. At normal incidence: cosφ=1 and Δδ= Δr=2nd. The maxima in 
the spectrum correspond to the condition given by the equation cos(2πΔr/λ+Δδ)=1.  This is equivalent to 
the following condition ρ=(2πΔr/λ+Δδ)=p2π , where p is an integer number.  
 
 
  
    Figure A.1.2: Sample interference spectra of 1 and 2μm film layers [75]. 
 
 
 
 
From Figure A.1.1 R1 and R2 are the intensities of the two interfering rays. In the same figure is the 
analogy with a sphere is shown as the sphere diameter and the thin film thickness are the same and denoted 
with d. The angles αs and α f are the incidence angles with respect to the normal to the surface (the vertical 
dashed lines) for a sphere and the thin film respectively. Angle φ is the angle of refraction. In the case with 
a sphere, the incidence angle αs is assumed to be 900 (normal incidence). The interfering rays, for the 
sphere case, are shown with the same colors black and red corresponding to the same rays R1 and R2 with 
the case with thin film. When ρ=p2π (p-integer number) we have maxima and ray R1 and R2 are in phase. 
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When ρ=p(π/2) we have minima and rays  R1 and R2 out of  phase. The phase difference ρ changes if 
sphere’s size or wavelength changes and also when the relative refractive index changes. In the general 
case the refractive index changes with the wavelength as this change can take affect within very wide 
spectral range as for instance between deep UV and near IR. In our case with a sphere, the investigated 
interval is approximately between 500 and 700nm, where the refractive index is constant. Then the size and 
the refractive index are fixed, but many different wavelengths interact with the sphere because of the broad 
band source. Hence the phase shift changes because of the wavelength and the resulting oscillatory 
spectrum is wavelength dependent. An example of such a spectrum is given in the thin equations. They can 
be used for developing an important relationship between the thickness d of the thin film (corresponding 
microsphere diameter) and the number of maxima (p2-p1) within certain wavelength range, defined by two 
fixed wavelengths λ1 and λ2.  The condition for interference maxima can be written for this particular 
wavelength range, defined by the two fixed wavelengths, so we write: (2πΔr/λ2+Δδ)-(2πΔr/λ1+Δδ)=2π ( 
p2-p1). This equation can be simplified in the form: Δr(1/λ2-(1/λ1)=(p2-p1). On the other hand the optical 
path difference is: Δr=2nd. Then by substituting Δr with 2nd in the last equation we can obtain the 
following relationship between the size d and the number of maxima within the fixed wavelength range   
λ2-/λ1: d=(p2-p1)/2n(1/λ2-1/λ1) <=> d=(p2-p1)λ2λ1 /2n(λ2-λ1). This equation represents a linear 
relationship between the number of the spectral maxima and the thickness d of the film (or the sphere’s 
diameter). It is equivalent to the equation of straight line y=a+mx (a: intersect, m: slope) with a zero 
intersect or y=mx. In that way we can use the equation to plot the number of oscillations (spectral maxima) 
as a function of the size d, which is linear graph, and by counting the maxima we can estimate the thickness 
of the film or the diameter of the corresponding spherical particle.  
The spectrum of the sphere according to Mie theory has the same behavior as cos(1/x) function since the 
Bessel functions used there can be expressed in expansions of sine and cosine functions with the same 
argument (1/x  1/λ) where the variable is the wavelength λ and the size and the refractive index are fixed, 
as in the case with the thin films. In Figure A.1.3(a)-(d) are shown sample oscillatory spectra for spheres 
with a diameter of  2, 3, 4 and 5μm.  In the next Figure A.1.5 we can see that within fixed wavelength range 
(500-700nm) the number of maxima of spatial oscillation increases with the sphere size in analogy with the 
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thin film case. Correspondingly the frequency of each oscillatory spectrum is increasing. The relationship 
between the number of those oscillations and the sphere’s diameter is linear (Figure A.1.3(e)). 
  
(a)                 (b) 
   
(c)                 (d) 
                                              
               (e)  
 
Figure A.1.3: Sample intensity versus wavelength. Simulated spectrum sphere diameters of (a) 2μm, (b) 3μm,  (c) 4μm 
and (d) 5μm, (e) Linear relationship between the number of spatial oscillations and the sphere  diameter. 
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Appendix 2:Simulation techniques-Introduction to Bohren and Huffman 
simulation code 
 
 
 
The implementation of “Bohren and Huffman Code” in MATLAB is used for numerical 
calculation of the backscattering spectrum from a sphere, as was discussed in Chapter 3, or the single 
scattering events. The rapid oscillations observed in those spectra are directly related with the size of the 
spherical particle and they are the dominating feature in the experimental and simulation spectra. In 
Chapter 3, have been given examples for simulated spectra. The simulation code used for calculation of the 
Mie spectra has been  developed by the authors Craig Bohren and Donald Huffman, of one of the most 
famous books for light scattering “Absorption and Scattering of Light by small particles”[1]. According to 
all discussed regarding the Mie theory in Chapter 3.2, all spectral results require calculation of an and bn 
coefficients along with the angular functions πn and τn and finally the summation of all n terms. In 
particularly for the backscattering spectra only an and bn are required. However the number of all terms 
required for convergence of those series is quite large [1]. Approximately n=x terms are enough but from 
numerical considerations this value was estimated by the authors to be nmax=x+4x1/3+2. The numerical 
calculations of Riccati-Bessel functions ξn and  ψn and their derivatives for large arguments(size 
parameters) and large n number of terms can become very heavy, with unexpected results, when truncation 
of the series with an and bn coefficients starts. In order to avoid such a problem authors are using so called 
Logarithmic Derivatives which are stable for large numerical computations and give correct results. Thus 
the computational code for all Mie (spectra) was tested and found to be accurate for size parameters up to 
10000. However in the real experiments size parameters are much smaller, for instance for micro-sized 
particles up to 100μm within visible and near infrared spectrum are less then 1000. In particularly for the 
sizes 2-15μm, within the visible range 400-700nm and subject of the current research, the maximum size 
parameter is x~95. The Logarithmic Derivatives   Dn and the an and bn  coefficients are given by equations 
A.2.1, A.2.2 and A.2.3.  
 
                                                       Dn=(d/dx)ln ψn(x)                                                                  (A.2.1)    
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Here,  ξn and  ψn  are the Riccati-Bessel functions discussed in Chapter 3. The other feature of the code 
used by authors [1] is the application of the recurrence relations (Equations A.2.4 and A.2.5) for the 
derivatives of Riccati-Bessel functions and in particularly their downward computation (lower order terms 
are generated from higher order terms). Also for Dn is used upward (higher order terms are generated from 
lower order terms) computation in the recurrence relation (Equation A.2.6).   
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In Equation 3.3.6 the argument ρ represents a general complex argument of the function as for our case 
ρ=x. The Logarithmic Derivatives   Dn satisfy the recursion relation given by Equation A.2.7. 
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Also these derivatives for ξn and ψn are mutually dependent through the connection given by Equation 
A.2.8. 
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Here En (Equation A.2.9) is the inverted product of ξn and ψn . 
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The initial version of Bohren and Huffman code is given in [1]. The current version of this code was 
created by Matzler [20], such that the original code was rewritten in very details in MATLAB, where 
Riccati-Bessel functions are built in functions and they were calculated with double precision. The 
complete code covers many different cases for particles with different shape and with different physical 
conditions. In particularly the code for computation of backscattering efficiency/intensity spectrum will be 
discussed here. The initial version of the code computes the backscattering spectrum as function of the size 
parameter x=2πa/λ. Those calculations were discussed previously throughout the Mie theory in Chapter 3. 
There are three m-files linked together, such that one single MATLAB function (procedure) is called for 
complete calculation of the final spectrum. This function is called Mie_xscan (m ,nsteps ,dx) [20]. Here m is 
the relative refractive index, nsteps is the number of data points and dx is the step size. The whole spectrum 
is calculated from summation index (Also this is the Bessel functions’ order) n=1 to n= nmax=x+4x1/3+2. 
The m-file corresponding to this function contains only one for cycle performing the summation over n. 
Also it calls the second m-file needed for the computation, called Mie(m,x). This file computes one value 
for each one of the Mie efficiencies including backscattering, for particular given value of m and x. Then 
when the “for” cycle is initiated, the whole spectrum comes up. The file Mie(m,x) by itself calls the third m-
file called Mie_ab(m,x), which calculates the Mie coefficients an and bn  for particular given value of m and 
x. The final spectrum intensity as function of the x can be transformed to intensity as function of the 
wavelength using the formula for the size parameter x=2πa/λ. As we set the radius of the particle to be 
constant and the wavelength to be variable. This modification of the code is done in the executable m-file 
called Mie_xscan. Also there was another modification of the code for better accuracy with the experiment. 
A data file with the original wavelengths from the spectrometer was created, such that the MATLAB code 
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was performing calculations over those wavelengths for an and bn coefficients and for the final 
backscattering spectrum. 
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